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6. Abstract 
Biophysical  properties  of  bone  in  the  femur  and  tibia  of  the  rat  were  measured  during  eight 
months  of  exposure t o  earth  gravity,  hypergravities  of  1.5, 2.0 and  2.5g,  produced  by  continuous 
centrifugation,  and  during  four  months  of  exposure  to  mechanical  vibration.  Plaster  cast imbili- 
zation  of one hind  leg  was  applied  to  simulate  the  hypody,namic  state  of  weightlessness.  Animals  were 
successively  sacrificed  to  determine  the  physical,  mechanical  and  physiological  parameters of bone.
Mineralization  was  traced  by  periodic  administration  of  tetracycline.  Radiographic  densitometry  was 
employed  in  vivo  and  in  vitro  to  follow  up  bone  development. 
hardness,  sound  conductivity,  and  ash  content  of  bone  increase.  Bone  porosity  and  calcium  content 
remain  constant. 
Rats  under  hypergravity  have  smaller  rates  of  growth  than  rats  at  lg. The differences  are  due 
entirely  to  differences  in  fatty  tissue. Bone development  as  a  function  of  age  was  found  to  be un- 
affected.  Chronic  vibration  increases  stiffness  and  microhardness  of bone. In vibrated  bone  the 
active  fronts  of  mineralization  disappear  and  deposition  becomes  dispersed  across  the  diaphysis. 
Imbilization significantly  decreases  bone  density,  ash  and  calcium  content;  immobilized  bone  be- 
comes less porous  and  more  brittle  than  normal. .
ever,  simulation  of  weightlessness  was  found  to  produce  pronounced  atrophy  of  bone.  Thus  it  does 
not  seem  possible  to  make  simple  extrapolations  from  the  above  lg  range  to  the  below  lg  range,  since 
it  is  likely  that  there  exists  a  threshold  above  which  bone  development  is  essentially  normal  while 
atrophy  occurs  below  the  threshold. 
At  earth  gravity  normal  aging  takes  place  while  physical  dimensions,  density,  rigidity,  micro- 
In the  hypergravity  range  investigated,  no  significant  and  systematic  changes  were  found;  how- 
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ABSTRACT 
Structurai  Development  of  Bone  in  the  Rat 
Under  Earth  Gravity,  Simulated  Weightlessness,  Hypergravity 
- and  Mechanical  Vibration 
Biophysical  properties of bone  in  the  femur  and  tibia  of  the 
rat  were  measured  during  the  life  span  of  from  two  to  ten  months 
under  earth  gravity,  hypergravities  of 1.5, 2.0 and 2.5g, produced 
by  continuous  centrifugation,  and  during  four  months  of  exposure  to 
mechanical  vibration.  Plaster  cast  immobilization  of  one  hind 
leg  was  applied in  order  to  simulate  the  hypodynamic  state  of 
weightlessness. 
Animals  were  successively  sacrificed to  determine  the  physical, 
mechanical  and  physiological  parameters of bone.  Mineralization  was 
traced  by  periodic  administration  of  tetracycline.  Radiographic 
densitometry  was  employed  in  vivo  and in vitro to follow up  bone 
development. 
At  earth  gravity  normal  aging  takes  place  while  physical 
dimensions,  density,  rigidity,  microhardness,  sound  conductivity, 
and  ash  content  of  bone  increase.  Body  weight  growth  is  a  loga- 
rithmic  function  of  age.  Bone  porosity  and  calcium  content  remain 
constant . 
iii 
I. " 
Rats  under  hypergravity  have  definitely  smaller  rates  of 
growth  than  rats at l g .  The  respective  differences  are  due 
entirely  to  differences  in  fatty  tissue.  Bone  development  as  a 
function of  age  was found  to  be  unaffected  by  the  gravitational 
environments  of  the  range  administered  in  this  study,  except  that, 
longitudinal  bone  growth  is  slower  and  the  active  zones  of  mineral- 
ization  are  wider at 2.5g  than  at  normal  gravity. 
Chronic  vibration  increases  stiffness  and  microhardness  of 
bone.  The  active  fronts  of  mineralization  disappear  and  deposi- 
tion  becomes  dispersed  across  the  diaphysis. 
Immobilization  significantly  decreases  bone  density,  ash  and 
calcium  content;  immobilized  bone  becomes  less  porous  and  more 
brittle  than  bone  of  normal  subjects. 
Subsequent  to  immobilization,  density,  compressive  elasticity, 
porosity  and  calcium  content  return  to  normal  level,  observed  in 
bone  of  corresponding  age,  irrespective  of  exposure  to  either 
earth  gravity,  hypergravity  or  vibration. 
In  the  hypergravity  range  investigated,  no  significant  and 
systematic  changes  were  found;  however,  simulation of weight- 
lessness  was  found  to  produce  pronounced  atrophy  of  bone.  Thus 
it  does  not  seem  possible  to  make  simple  extrapolations  from  the 
above l g  range  to  the  below l g  range,  since  it is  likely  that 
iv 
there  exists  a  threshold  above  which bone development is 
essentially  normal  while  atrophy  occurs  below the threshold. 
This  point  could  be  clarified by space  experiments. 
I 
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INTRODUCTION 
Hypodynamia  characterized  by  prolonged  inactivity,  such  as 
immobilization,  bed  rest, or weightlessness,  adversely  affects  the 
normal  functioning  of  the  physiological  systems in man  primarily 
through  the  homeostatic  adaptation  of  the  human  body  to  its 
environment.  The  cardiovascular  and  the  skeletal  systems  are 
profoundly  affected  and  various  methods  have  been  established  to 
counteract  cardiovascular  deconditioning.  The  atrophy  of  the 
skeletal  system,  however,  has  been  less  extensively  studied  and no
specific  methods  have  been  recommended  to  alleviate  bone  decon- 
ditioning. 
Present  information  on  skeletal  deconditioning  has  arisen  from 
experimentation  using  immobilization,  bed  rest,  and  water  immersion, 
and  from  space  flight  observations  which  have  demonstrated  the 
debilitating  effects  of  inactivity  ascribed  primarily  to  the  absence 
of mechanical  stresses of weight  bearing  and  countergravitational 
muscular  activity.  Clinical  observations  and  experimental  studies 
on  various  forms  of  immobilization  reported  negative  calcium  balance 
(Deitrick  et  al., 1948; Benson  et al,  1962;  Brannon  et al.,  1963; 
Vogt  et  al.,  1965;  Semb,  1966a),  decreased  mineral  kinetics  (Semb, 
" . 
1966b;  Sevast ic  e t  a l . ,  1968) ,  increased bone resorpt ion (Landry and 
Fleisch,  1964;  Frost ,  1966) ,  decreased weight  and volume (Gil lespie ,  
1954;  Sevas t ie  e t  a l . ,  1968) ,  dec rease  in  bone densi ty  (Stevenson,  
1952;  Gil lespie ,  1954;  Geiser and Treuta, 1958; Mack e t  a l . ,  1968),  
and d e t e r i o r a t i o n  of the mechanical properties (Haike e t  a l . ,  1966; 
Kazarian and von Gierke, 1970). 
Pe r t inen t  i n fo rma t ion  on t h e  e f f e c t s  o f  w e i g h t l e s s n e s s  h a s  beer 
o b t a i n e d   i n   t h e   r e l a t i v e l y   s h o r t   s p a c e   f l i g h t s :   n a m e l y ,   d u r i n g   t h e  
eight day Gemini V mission,  a 10-20 % decrease in  x-ray bone densi t :  
was observed (Mack e t  a l . ,  1967; Mack and  LaChance,  1967).  During 
the 22 days  o f  we igh t l e s sness  in  the  Sov ie t  Kosmos-110 f l i g h t  
radiographic evidence of bone demineralization w a s  reported togethe]  
w i th  h igh  pos t f l i gh t  b lood  and  u r ine  ca l c ium concen t r a t ions  in  two 
dogs  (David,  1963;  Parin e t  a l . ,  1966).  A negat ive  calcium  balance 
was found during the fourteen day Gemini VI1 voyage although the 
a s t r o n a u t s  consumed a ca lc ium r ich  d ie t  (Bi rge  and  Whedon, 1968). 
It has  been  r epor t ed  tha t  phys i ca l  ac t iv i ty  t ends  to  fos t e r  bonb 
development:   increases  in  bone  weight,   volume,  density  and  breaking 
stress, as a r e s u l t  of physical exercise,  have been found (Donaldson 
and Meeser, 1933;  Savi l le  and i rni th ,  1966;  Smith and Fel ts ,  1968;  
Sav i l l e  and  Whyte, 1969).  Biochemical  reactions  and  bone  growth 
were in tens i f ied  under  mechanica l  loads  and  pressure  (Whedon e t  a l . ,  
1949; Tvias, 1961;  Solomons e t  a l . ,  1965).  
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I. OBJECTIVES OF THE  INVESTIGATION 
- The  following  study  attempts to determine  the  role of 
mechanical  stress  in  the  structural  _development  of  bone  and  to 
discern  applicability  of two particular  stresses & prevention 
- and  alleviation of disuse  bone  atrophy. 
Specifically,  the  effects  of  exposure  to  normal  earth  gravity, 
to  simulated  weightlessness,  to  the  hypergravity of continuous 
centrifugation  and  to  whole  body  mechanical  vibration  were  to  be 
investigated. 
In  order to  be  able  to  study  bone  development  under  stress , 
the  mechanical  properties  of  bone  in  normal  aging  under  earth 
gravity  had  to  be  determined  as  a  first  step.  The  effects  of 
exposure  to  hypergravity  and  vibration  were  then  to  be  explored. 
From  the  musculoskeletal  standpoint,  immobilization  partially 
simulates  the  state  of  complete  inactivity  and  weightlessness. 
Consequently,  exposure  to  earth  gravity,  hypergravity  and  vibration 
following  immobilization  should  indicate  the  probable  direction  of 
bone  development  when  similar  mechanical  stresses  are  applied  to 
bon'e  in  space  and  in  other  forms f prolonged  inactivity. 
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11. METHODOLOGY 
A .  MECHANICAT., STRESS ENV.IRONMENTS 
1. Hypergravity: 
In a  state  of  reduced  activity,  such  as  encountered  in 
weightlessness,  the  skeleton  can  be  exposed  to  mechanical  loads  by 
providing  an  artificial  gravity  with  continuous  centrifugation. 
This is a steady  load,  very  similar  to  the  gravity  of  earth,  but 
non-gravitational  effects  due  to  rotation  are  also  present. 
Animals  can  survive  and  grow  under a  wide  range  of  hypergravity 
produced  by  chronic  centrifugation.  The  influence  of  centrifugally 
produced  hypergravity  upon  growth  and  body  composition  has  been 
studied  extensively  and  one of the  most  consistently  reported  effects 
is  supression  of  growth. It is dependent  on  the  magnitude  of  the 
artificial  gravity  and  is  influenced  by  the  age,  size  and  species  of 
the  experimental  animals  (Matthews,  1953;  Steel,  1962;  Bird  et  al., 
1964;  Wunder et al.,  1963;  Oyama  and'Pratt,  1965;  Casey  et  al.,  1967). 
Rats  and  mice  were  found  to  reproduce  under  conditions  of  chronic 
centrifugation,  and  animals  thus  born  and  reared  appear  normal  in  all 
respects  except  for  a  reduction  in  body  weight  (Oyama  and  Pratt,  1967). 
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The g r a v i t a t i o n a l  and r o t a t i o n a l  e f f e c t s  o f  c e n t r i f u g a t i o n  were 
separa ted  by  expos ing  labyr in thec tomized  hamsters  to  chronic  cent r i -  
fugat ion.  No d i f f e r e n c e  w a s  found in  the  cumulative  food  consumption 
and body development between labyrinthectomized and normal subjects 
(Wunder e t  a l . ,  1966) .   Cent r i fuga t ion   reduced   the   th reshold   o f  
ro t a ry  pe rcep t ion  in  ch ron ica l ly  cen t r i fuged  an ima l s  (Winget e t  
a l . ,  1962)   i nd ica t ing   t ha t   adap ta t ion   t akes   p l ace .  Human s u b j e c t s  
were also found to  acclimate t o  r o t a t i o n  up t o  10 RPM (Colehour and 
Graybiel  , 1966).  
Increased femur.growth and circular izat ion of  cross  sect ion w a s  
found i n  mice under  4g (Wunder e t  a l . ,  1960) .  Chronic  cent r i fuga t ion  
a t  1 .5  , 2.0 and  3 .0g  increased  the  bone  to  musc le  ra t io  in  fowl .  
This was a t t r i b u t e d  t o  t h e  smaller than normal  weight  of  the centr i -  
fuged  animals  (Smith  and  Kelly,  1963). 
The hypergravi ty  exper iments  of  th i s  inves t iga t ion  a re  summar- 
ized  in  Table  1. Rats were exposed  to 1.5 and 2.0g for  two months 
and to  2 .5g for  up to  e ight  months.  In  order  to  t race bone develop-  
ment , sample groups , c o n s i s t i n g  of  two animals a t  ea r th  g rav i ty  and  
four animals a t  hype rg rav i ty ,  were  sac r i f i ced  success ive ly  in  30 day 
p e r i o d s  d u r i n g  t h e  f i r s t  two months of  the invest igat ion and in  60 
day   per iods   a f te rwards .   Exposure   to   2 .0g   hypergravi ty ,   a f te r   f ive  
weeks of  immobil izat ion,  las ted for  another  f ive weeks.  
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Table 1. Design of Hypergravity  Experiments 
Gravi ty  
Level 
1 .og 
1.5g 
2 .og 
2.5g 
T Daily 
Exposure 
24 h r s  
24 h r s  
24 h r s  
24 h r s  
Normal Animals 
Duration 
of Test 
8 months 
2 months 
2 months 
8 months 
- 
No. of 
Animals 
14 
4 
4 
16  
r ~ ~~ Irmnob . Animals 
Duration 
of  Tes t  
5 weeks 
- 
5 weeks 
- 
No. of 
Animals 
7 
Apparatus. The hypergravi ty   produced  by  chronic   centr i fugat ion 
i s  t h e  v e c t o r i a l  sum of t h e  e a r t h  s u r f a c e  g r a v i t a t i o n a l  a c c e l e r a t i o n  
and the  imposed cen t r i fuga l  acce le ra t ion ,  wh ich  l a t te r  i s  propor- 
t i o n a l  t o  r a d i u s  and  square  of  angular  ve loc i ty .  1.5 and 2.Og 
g r a v i t y  levels were ach ieved  in  a 39 RPM c e n t r i f u g e  a t  r a d i i  of 
0.65  and 1 .07  m. Figure 1 shows the   cen t r i fuge   wi th   the   an imal  
capsules  loca ted  a t  t h e  d i f f e r e n t  r a d i i .  2 . 5  g r a v i t y  w a s  produced 
on another  centr i fuge with 2.28 m r a d i u s  and 30 RPM shown i n  
Figure 2.  
The animal compartments, with twelve 8 nun d i a .  v e n t i l a t i o n  
ho le s  on  the  s ides ,  were p ivoted  on  the  cent r i fuge  arms i n  o r d e r  
t o  a l ign  the  f loo r  o f  t he  cage  pe rpend icu la r  t o  the  r e su l t an t  
a c c e l e r a t i o n  v e c t o r .  A t  1 .5  and 2.Og the  animals  were housed 
ind iv idua l ly  in  cages  p rov id ing  20 x 2 5  = 500 cm f l o o r  area. A t  
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2 . 5 g ,  i n i t i a l l y  s i x  
s t r u c t i o n   p r o v i d i n g  
animals  were placed in  a cage of similar con- 
23 x 51 = 1173  cm f l o o r  area. The number of 
2 
animals became, of course,  suxessively less i n  t h e  c o u r s e  o f  t h e  
experiment as the  sampling  groups were removed. Food was placed 
on  the  Sanice l  bedding  in  the  cages  and  d is t i l l ed  water, to  keep  
the system free of  contaminat ion,  w a s  provided from a c e n t r a l  t a n k  
through p las t ic  tubes  lead ing  to  a d r i n k e r  valve (Upjohn Co.) i n  
each compartment.  The control animals under earth gravity were kep t  
Figure  1. Centrifuge on which 1.5g and 2.0g hypergravity levels 
were produced 
Figure 2. Centr i fuge  on which 2.5g hypergravity level w a s  
produced 
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in  similar  cages  in  the  vicinity of he  centrifuges. 
The  centrifuges  were  stopped  twice  weekly  for  about 30 min. 
for  cage  cleaning  and  resupplying  food  and  water.  Periods of 
acceleration  for  stops  and  restarts  were 30 sec. 
2. Vibration 
Whole  body  vibration  within  the  comfort  limit  of  the  subject 
could  be  another  method  of  providing  mechanical  stresses  to  the 
skeleton  in  hypodynamia.  Vibration  constitutes  a  continuous,  but 
alternating load on the  bone.  When  placed on a  vibrating  platform, 
animals  tend  to  damp  the  imposed  vibration  by  physical  activity  of 
the  legs.  The  feet  follow  the  motion  of  the  shake  table,  while 
the  main  body  keeps  relatively  motionless.  This  results  in  con- 
tinuous  muscular  exercise,  which  might  be  beneficial  in  counter- 
acting  lack of other  physical  activity. 
Physiological,  cyto-pathological  and  psychological  effects of
vibration  have  been  extensively  studied  under  a  wide  range  of 
conditions  (horizontal,  transverse  and  vertical  vibration),  but 
relatively  few  investigations  have  studied  the  development  of  the 
skeletal  system  under  vibration.  The  use  of  passive  exercise  by 
means  of  an  oscillating  bed  significantly  reduced  the  metabolic 
abnormalities of mineral  secretion  during  inactivity  in  plaster 
immobilized  patients  (Whedon  et  al., 1 9 4 9 ) .  No significant 
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alteration  was  found  in  the  physical  and  biological  character  of 
the  dental  pulp  and  periosteum  of  rats  under 43 Hz, 9.6g  vibration 
(Restarski,  1945). The  application  of 50 Hz, 1O.Og  vibration  for 
two to  five  hours  daily  increased  the  cross  section of muscle 
fibers  and  decreased  the  fat  content of muscle  tissue  (Hettinger, 
1956).  The  endocrine  system  in  both  humans  and  rats  adapted  to 
repeated  vibrational  stress  by  an  extinction  of  the  stress  response 
(Modignani  et  al., 1964;  Sackler  and  Weltman,  1966). 
Skeletal  response  to  vibration  of  high  frequency  and  high 
acceleration,  produced  by  pneumatic  tools,  have  been  thoroughly 
investigated in occupational  medicine.  The  observations  reveal 
bone  cysts  (Beyer,  1943) , stiff  joints  and  x-ray  evidence  of 
osteoporosis  (Gurdjian,  1945;  Popova et al.,  1966),  decalcification 
(Beyer,  1943;  Hunter,  1945),  alterations of articulation  (Beyer, 
1943;  Agate,  1947;  Popova  et  al.,  1966;  Smith  and  Allen,  1969; 
Stewart, 1970). 
The  objectives  and  experimental  conditions  of  such  previous 
studies  vary so much  that  the  results  cannot  be  used  to  forecast 
the  type,  frequency  and  duration  of  a  vibratory  environment  which 
could  be  beneficial  in  hypodynamia. In this  study  the  parameters 
of vibration  were  chosen  in a attempt  to  avoid  damaging  effects  on 
the  animal  during  long  term  exposure.  The  maximum  peak  acceleration 
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i s  l imi ted :   one   g ,  when supe r imposed  on  ea r th  g rav i ty ,  r e su l t s  i n  
a n  a l t e r n a t l n g  a c c e l e r a t i o n  i n p u t  f r o m  2.0g i n  t h e  lower  ha l f  o f  
t h e  c y c l e  t o  z e r o  g i n  t h e  u p p e r  h a l f  c y c l e .  A pure mass leaves 
the   shake   t ab l e   above   t h i s   acce l e ra t ion .   In   un res t r a ined   an ima l s ,  
comprised of a system of masses, sp r ings  and dampers,  the sinusoidal 
input motion might become amplif ied to  an injur ious degree even 
below 1.Og peak accelerat ion,  depending on the instantaneous 
t ens ion   cond i t ions   o f   t he   muscu la tu re .   In   t h i s   i nves t iga t ion   t he  
peak  t ab le  acce le ra t ion  was  one g.  
The appl icable   f requency  range i s  a l s o  l i m i t e d .  Low frequency 
v i b r a t i o n  is harmful  to  many physiological systems, and the resonant 
f requency of  the subjects  must  be avoided.  High f requencies  wi th  
the accompanying small amplitudes are  l i k e l y  t o  b e  damped out  by  the  
s o f t  t i s s u e s .  I n  t h i s  s t u d y  20 and  25 H z  were chosen with 1.25 and 
0.80 mm double  amplitudes.  These two frequencies  are above  the 
resonant frequency of  t h e  ra t  and the motion of the shake ktable 
i s  damped by vigorous exercise  of the leg.  These two v i b r a t i o n s  
were s e l e c t e d  on the  bas i s  o f  a ser ies  of  exper imenta l  observa t ions  
of  ra ts  exposed t o  v i b r a t i o n  o f  c o n s t a n t  1.Og peak  acce lera t ion  
level a t  var ious  f requencies   in   the  range  f rom 5 t o  50 Hz.. I n  
5-10 Hz, l a r g e  a m p l i t u d e  v i b r a t i o n ,  t h e  e n t i r e  body of the animal 
moves i n  r e s p o n s e  t o  t h e  s h a k e  t a b l e  w i t h o u t  a n y  d i s c r e t e  p h y s i c a l  
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a c t i v i t y  o f  t h e  l i m b s .  The dominant natural  frequency of t h e  rat 
i s  around 13 - 15 Hz. In  th i s  r ange  the  v ib ra to ry  mot ion  of t h e  
animal i s  g rea t ly  ampl i f i ed  ove r  t ha t  of t h e  s h a k e  t a b l e .  I n  t h e  
range of 20 -30 Hz, rats damp the  imposed motion with the legs.  
ibove 30 Hz no apparent physical  motion of the l imbs can be observed. 
The des ign  of  the  v ibra t ion  exposures  i s  summarized i n  Table 2. 
n one series 20 and 25 Hz w a s  appl ied  for  2 .5  hours  twice  da i ly  
. i t h  s i x  h o u r s  o f  rest i n  between. In  ano the r  series , the animals 
eceived 25 Hz for  12 hours  each day without  interrupt ion.  
Apparatus. Vertical s i n u s o i d a l  v i b r a t i o n  was generated with 
n e lec t romagnet ic  v ibra tor  (Text ron  Elec t ronics ,  Model EA 1250Ml3) 
r iven  by  a power ampl i f ie r  (Text ron  Elec t ronics ,  Model  2120MB). 
he frequency w a s  r egu la t ed  by an audio-oscil lator (Hewlett  Packard,  
iodel  2021). The experimental  animals  were  placed  on  the  shake 
:abel   into  individual   compartments ,   providing 200 cm f l o o r  area 
:Figure 3 . ) .  The non-v ibra ted  cont ro l  subjec ts  were k e p t  i n  similar 
cages  for  the  dura t ion  of  each  v ibra t ion  sess ion .  Otherwise  the  
animals were housed  ind iv idua l ly  in  r egu la r  l abora to ry  cages  wi th  
a f loo r   space   o f  570 cm a v a i l a b l e .  The smooth,   Plexiglas   f loor  
of the vibration compartments w a s  covered with a t h i n  l a y e r  o f  
sawdust to absorb moisture.  This bedding did not act  as a damper 
because the paws of  the  an imals  were i n  d i r e c t  c o n t a c t  w i t h  t h e  
2 
2 
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Table 2 .  Design of Vibration  Experiments 
Frequency 
Daily 
Expo sure  
wi thou t  24 h r s  
v i b r a t i o n  24 h r s  
20 Hz 2x2.5 h r s  
25 Hz 2x2.5 h r s  
25 Hz 1 2  h r s  
Duration I No. of Animals 
of  Tes t  jNormal 
4 months 22 
5  weeks - 
5  weeks 4 
5 weeks 8 
4 months 8 
14 
Figure 3. Electromagnetic  vibrator 
with the animal  compartments 
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f l o o r .  Both the  v ib ra t ed  and  the  con t ro l  an ima l s  were provided 
w i t h  water f rom regu la r  l abora to ry  d r inke r  bo t t l e s  du r ing  the  
exper imenta l   sess ion .  The tempera ture   in   the   v ibra t ion   compar tment  
was 2-3" C above ambient temperature of 24O C .  
B .  EXPERIMENTAL ANIMALS 
Male Sprague-Dawley rats were used  in  the  s tudy .  The rat  was 
cons idered  su i tab le  because  i t s  r e l a t i v e l y  s h o r t  l i f e  s p a n  makes i t  
p o s s i b l e  t o  embrace a cons ide rab le  pa r t  o f  t he  l i f e  c y c l e  w i t h i n  a 
reasonable  period  of time. Moreover ,   successive  sacr i f ice   of   groups 
of  several a n i m a l s ,  n e c e s s a r y  t o  o b t a i n  s t a t i s t i c a l l y  s i g n i f i c a n t  
r e s u l t s ,  r e q u i r e d  a la rge   popula t ion   of   subjec ts .   Cons idera t ion   of  
t h e  c o s t  o f  a c q u i s i t i o n  and maintenance favored selection of rats. 
All experiments were s t a r t e d  w i t h  60 day old animals weighing 
250 + 10 gr.'k The animals,  obtained from Laboratory Supply Company, 
Indianapol i s ,  Ind iana ,  were fed Purina Laboratory Chow and water 
- 
a d  l i b .  A food  supplement was prepared from ground oyster  shel l  
mixed with melted sugar and was g iven  f ree  choice  .in o r d e r  t o  b e  
cer ta in  tha t  the  d ie t  conta ined  ample  amcxnts  of  ca lc ium and 
+;In t h i s  i n v e s t i g a t i o n  ''grl' i s  used t o  a b b r e v i a t e  "gram" i n  
o r d e r  t o  d i s t i n g u i s h  it  from "g", which i s  t h e  g r a v i t a t i o n a l  
a c c e l e r a t i o n  a t  t h e  e a r t h  s u r f a c e .  
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phosphorous  for  bone  development.  Room  temperature  and  humidity 
were  kept  essentially  constant: 24' C and 60 % respectively. The 
daily  lighting  cycle  was 12 hours  on, 12 hours  off. 
For  immobilization,  a  plaster  cast  (prepared  from 2" fast 
setting  plaster  bandage)  was  put  on  the  right  hind  leg of 60 day 
old  animals  under  general  Nembutal  anesthesia.  The  cast  surrounded 
the  lower  and  upper  part  of  the  extremety  completely  and  was 
extended  in  a  funnel  shape  to  partially  cover  the  pelvis.  See 
Figure 4 .  The  cast  weighed 30 to 40 grs.  after  drying.  The  animals 
were  able  to  move  around  the  cage  with  ease.  The  leg was left 
immobilized  for  five  weeks  and  the  cast  was  then  removed  under 
Nembutal  anesthesia.  The  animals  started  using  their  legs 2-3 days 
after  liberation.  Exposure  to  centrifugation  and  vibration  started 
on the  third  day  after  removal  of  the  cast. 
Only  one  extremity  was  immobilized,  in  order  to  make  three 
comparisons  possible  between  the  free  and  immobilized  legs  for 
investigating  the  effects of mechanical  stress  environments on 
atrophic  bone  development: 
1. Immobilized  bone  (at  earth  gravity)  vs.  free  bone  (at 
earth  gravity):  bone  development in the  immobilized  limb  can  be 
compared  to  the  free  leg  under  natural  environmental  conditions; 
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. . _  . , 
. .  
2. Inmobilized  bone  (under  hypergravity or vibration)  vs. 
free  bone  (under  hypergravity  or  vibration); 
3 .  Immobilized  bone  (at  earth  gravity)  vs . inunobilized 
bone  (under  hypergravity  or  vibration): in  order  to  compare  the 
effects of the  applied  environmental  conditions  directly  on  the 
development  of  atrophied  bone. 
C.  ANALYTICAL  PROCEDURES 
The  factors  which  influence  the  response  of  bone  to  stress 
and  strain  may  be  classified  as ( ) physical, (b)  mechanical  and 
(c) histological  and  physiological.  The  parameters,  measured  and 
analyzed  in  this  study,  are  summarized  below: 
a. Physical  properties of bone: 
1. Weight 
2 .  Geometry  (volume,  length,  cross-sectional  area) 
3 .  Density 
b.  Mechanical  properties of bone: 
1. Compressive elasticity 
2. Torsional elasticity 
3 .  Microhardness 
4 .  Sound  conductivity , 
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c .   H i s to log ica l  and phys io log ica l   p rope r t i e s   o f   bone :  
1. H i s t o l o g i c a l   s o l i d i t y  
2. Ash content  
3 .  Calcium  content 
4 .  Mode of   minera l iza t ion  
Preparat ion of  the specimen:  
The subjects  were ki l led with an overdose of  Nembutal ,  then 
bo th  h ind  l egs  were  exc i sed ,  d i sa r t i cu la t ed  a t  t h e  h i p  and ankle 
and c l eaned  o f  so f t  t i s sue .  Ca re  was t aken  to  avo id  in ju ry  to t he  
sur face  of  the  bones .  In  order  to  remove a l l  soft t i s s u e ,  t h e  bones 
were soaked for  three hours  in  water  containing 15 % coconut o i l  soap 
a t  75" C .  A f t e r  t h i s  t r e a t m e n t  a l l  remnants  of s o f t  t i s s u e  w e r e  
wiped o f f .  
The bones were then dried in a vacuum oven f o r  36 hours a t  
65" C. Density of the bone as a whole was measured a f t e r  d r y i n g ,  
keeping the specimens in a desicator  between the measurements  to  
prevent any water abso rp t ion  from t h e  a i r .  
In  o rde r  t o  p rov ide  eamples  fo r  t he  de t e rmina t ion  o f  a l l  
material p r o p e r t i e s  and t o  be a b l e  t o  t e s t  bones of d i f f e r e n t  s i z e  
comparably i n  t h e  v a r i o u s  a g e  and experimental  groups,  the.femurs  
w e r e  c u t  i n t o  f i v e  s e c t i o n s  p r o p o r t i o n a l l y  t o  t h e  t o t a l  l e n g t h ,  as 
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shown  in  Figure 5. For  sectioning  a  diamond  impregnated  brass 
cutting  disc  was  used on a  lathe  with  water  as  lubricant,  producing 
smooth  parallel  surfaces.  The  micrometer  bype  feed of the  lathe 
allowed  precise  positioning  and  control of the  lengths. 
The  sectioned  bone  samples  were  defatted  in  three  separate 
24 hour  ether  baths.  The  bones  were  then  dried  again  for 24 hou s 
in  a  vacuum  oven  at  65" C and  all  measurements  were  executed on 
dry  specimens. 
The  preparation  of  the  samples  was  kept  strictly  uniform, 
because  the  treatment  procedure  and  the  water  content  significantly 
influence  the  mechanical  properties  of  bone  (Ewans  and  Lebow,  1952; 
Ampiro,  1961;  McElhaney  et  al., 1964). Since  this  investigation 
is  concerned  primarily  with  relative  differences  between  the 
various  groups  rather  than  with  absolute  values,  all  measurements 
were  made  comparable  with  one  another  by  conducting  them on dry 
defatted  specimens  and  under  identical  conditions  at  room  temperature. 
Measurement  of  weight,  volume  and  density: 
Density  of  the  whole  intact  femur  and  tibia  was  calculated 
from  the  weight  of  the  bones  measured  on an analytical  scale  to 
an  accuracy  of + 0.1 mgr  and  from  the  volume  determined  according 
to  Archimedes'  principle,  namely,  from  the  weight  loss  upon 
- 
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immers ion  of  the  bones  in  d is t i l l ed  water. Before  immersion,  the 
water w a s  degassed i n  a vacuum chamber f o r  30 m i n .  and  cor rec t ions  
f o r  water temperature were applied.  
Length and area measurements: 
t o  + - 
The length  of femur and t i b i a  w a s  measured wi th  a micrometer 
0.05 nun accuracy.  
The c ross - sec t iona l  a r ea  o f  t he  bone w a s  measured a t  t h r e e  
s i t e s  a long  the  d i aphys i s  o f  t he  f emur ,  a t  22.5 %, 62.5 % and 72.5 % 
d i s t a n c e  from t h e  d i s t a l  e n d ,  as shown in  F igu re  5 .  
The cross  sect ions of  the shaf t  were photographed on 35 mm f i l m  
and pr inted on 8 x 10 in .  paper  wi th  a f ina l  l i nea l  en la rgemen t  o f  
7 .55 corresponding to  an area magnif icat ion of  57.00.  The c ross -  
sect ional  areas  were measured by planimetry of the photographs 
- 
along the periosteum and endosteum of the bone. An example  of  such 
a photograph is shown in   F igu re  6 .  For  photography,  the  specimens 
were posi t ioned uniformly in  a mounting device i n  which t h e  c r o s s  
sec t ions  were  pressed  wi th  spr ings  aga ins t  a microscope glass 
s l i d e .  A r e f e r e n c e  s c a l e  w a s  p laced  in  the  p lane  of  the  c ross  
s e c t i o n s  f o r  c a l i b r a t i o n .  
The a rea  enc losed  by the per iosteum is denoted as t h e  t o t a l  
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I. 
Figure 6 .  Photograph of femur c r o s s  s e c t i o n s  as used 
f o r  area measurements. The areas shown are 
located a t  a d i s t a n c e  of 0.2251, and 0.625L 
from t h e  d i s t a l  end 
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- area.  The  cortical  area  represents  the  total  area  without  the 
marrow  space  (encompassed  by  the  endosteum). 
Measurement  of  compressive  elasticity: 
The  compressive  elasticity of Section 2 (see  Figure 5) of the 
femur  was  measured,  applying  the  load  in  the  direction of he 
longitudinal.  axis of the  shaft.  The  compressive  force  was  recorded 
as a  function  of  change  in  length  of  the  specimen  until  fracture 
occurred.  The  measurements  were  taken  on  a  Model  TT,  Instron 
Universal  Test  Instrument  with 5 p e  CD compression  cell.  The 
rate  of  loading was 0.05 inches/min.,  resulting  in  fracture  of  the 
specimen  in 2-3 sec. A constant  strain  rate  was  used  to  avoid 
variations  due  to  the  viscoelastic  and  time-dependent  response 
of  bone,  which  have  been  observed,  under  different  loading 
conditions  (McElheaney, 1966; Burnstein  and  Frankel, 1968; Frankel 
and  Burnstein, 1970). 
The  compressive  spring  constant  of  the  material was computed 
from  the  force-compression  relationship: 
l7 
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I 
where k - compressive  spring  constant  (kp/mm) 
F - ultimate  compressive  force (kp)Jc 
maX 
AL - decrease  in  length  due  to  compression (nun) 
The  ultimate  compressive  force was  used, as by other  investiga- 
tors  (Podrushniak  and  Suslov,  1967),  in  the  computation  because 
the  breaking  point was reached  linearly  ending  in  an  abrupt  fracture 
of the  bone. 
The  modulus  of  elasticity  was  also  determined  from  the 
compression  tests.  The  modulus  of  elasticity  is  defined  as  the 
ratio  of  compressive  stress  to  strain  in  the  specimen: 
E = -  S 
8 
F 
s = -  max 
A 
AL 8 = -  
L 
2 
where E - modulus of elasticity (kp/m ) 
2 
s - stress (kp/m ) 
c - strain (mm/mm) 
;?In the metric  engineering  system, the unit  kilogram  is 
commonly  used as kilogram  mass  or  kilogram  force. In conformity 
with  standard use, the  abbreviation kp for  kilogram  force  has 
been  used  throughout  the  text o f  this  study.  It did not  seem 
necessary  to  carry  out  this  differentiation on the  various 
figures.  There  kg was used  universally. 
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A - ave rage  o f  t he  c ros s - sec t iona l  areas a t  t h e  two ends 
2 
o f  t h e  s h a f t  (mm ) 
L - l eng th  of t h e  s h a f t  b e f o r e  t e s t i n g  (mm) 
The samples had columnar shape and were under compressive 
l o a d ,  t h e r e f o r e ,  f o r  e l a s t i c  s t a b i l i t y ,  t h e  s l e n d e r n e s s  o f  t h e  s a m p l e s  
w a s  ca lcu la ted .  In  the  computa t ion ,  the  bone  shaf t  was  assumed to  be  
a hol low e l l ip t ica l  cy l inder ;  bo th  ends  were  cons idered  as e l l i p s e s  
f o r  which the long and short  diameters were measured on the 
8 x 10 in .  photographs used in  the cross-sect ional  area measurements .  
The s lenderness  of the  samples was  3.4 t o  3 . 6 .  Such a low va lue  
represents  an  ex t remely  shor t  column i n  which f a i l u r e  t a k e s  p l a c e  
due to  compression and not  to  buckl ing.  
Measurement o f  t o r s i o n a l  e l a s t i c i t y :  
Sec t ion  3 ( see  F igure  5) of t he  femur w a s  t e s t e d  i n  t o r s i o n  
by measur ing  the  tors iona l  moment as a func t ion  of  the  angular  
deformation. The measurements  were  taken  on a %del  TT, I n s t r o n  
Universal  Test  Instrument  with a spec ia l  a t t achmen t  to  t r ans fo rm 
t h e  l i n e a r  p u l l  o f  t h e  i n s t r u r n e n t ’ i n t o  r o t a t i o n .  I n  t h e  t o r s i o n  
device,  developed for  this  purpose and shown i n  F i g u r e  7,  t he  
d i s t a l  end of the specimen is  f i x e d  w i t h  r e s p e c t  t o  t h e  s t r u c t u r e  
while  the proximal  end i s  twisted.  Twist ing w a s  achieved by  mounting 
t h e  bone on a common s h a f t  w i t h  a f r e e l y  r o t a t i n g  d i s c  and applying 
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l i nea r  pu l l  t angen t i a l  t o  t he  c i r cumfe rence  o f  t he  d i sc .  Ro reduce 
f r i c t i o n a l  l o s s e s ,  b a l l  b e a r i n g s  and a 0.001" t h i c k  f l e x i b l e  s t e e l  
r ibbon were used to transmit the motion. 
The long i tud ina l  ax i s  o f  t he  bone specimen was a l igned  wi th  
t h e  a x i s  o f  r o t a t i o n  by p o s i t i o n i n g  t h e  marrow c a v i t y  c o n c e n t r i -  
c a l l y  on conical  guiding pins  a t  both ends.  The ends of the shaft  
were then embedded i n  a f a s t  s e t t i n g  p l a s t e r  of  p a r i s  (Whipmix, 
s e t t i n g  time: 1 min. ,   crushing  s t rength:  8000 p s i ) .  The f r e e  
length of the shaft  between the embeddings c o n s t i t u t e d  30 % of the 
t o t a l  femur length .  The embedded specimens  were  dried  in a vacuum 
oven f o r  24 hours a t  65" C b e f o r e  t e s t i n g .  
A cons tan t  ra te  of  loading  was appl ied .  The ve loc i ty  o f  t he  
l i n e a r  p u l l  w a s  2 i n c h / m i n . ,  r e s u l t i n g  i n  a n  a n g u l a r  v e l o c i t y  of 
1 . 2 2 " / s e c .  The torque vs .  angular   displacement   re la t ion was found 
t o  be l i nea r  end ing  in  an  ab rup t  sp i r a l  f r ac tu re  o f  t he  bone .  
The tors iona l  spr ing  cons tan t  of  the  bone  mater ia l  w a s  
ca l cu la t ed  as: 
T -
max x=- 
max 8 
where x - to rs iona l  spr ing  cons tan t  (cmkp/ rad)  
T - ul t imate  torque  (cmkp) 
- ult imate  angular  displacement  ( rad)  
rnax 
e 
max 
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The t o r s i o n a l  s p r i n g  c o n s t a n t  e x p r e s s e s  t h e  e l a s t i c i t y  o f  
t h e  bone i n  t o r s i o n ,  i . e .  t he  to rque  r equ i r ed  to  p roduce  un i t  
angular  deformat ion  a long  the  longi tudina l  axis of the femur. 
This term i s  used i n  t h i s  s t u d y  t o  d e s c r i b e  t h e  t o r s i o n a l  b e h a v i o r  
of  bone. It i s  a d i r e c t  f u n c t i o n  o f  t h e  s h e a r  modulus of t h e  
material, t h e  p o l a r  moment o f  i n e r t i a  o f  t h e  c r o s s  s e c t i o n  a t  t he  
s i t e  o f  f r a c t u r e ,  and i s  i n v e r s e l y  r e l a t e d  t o  t h e  f r e e  l e n g t h  o f  
the  specimen: 
GIFJ = -  
L 
where G - shea r  modulus  of e l a s t i c i t y  (kp/mm ) 
I - p o l a r  moment o f  i n e r t i a  (m ) 
L - f ree  length  of  the  tes t  spec imen (mm) 
2 
4 
P 
It was n o t  p r a c t i c a l  t o  d e t e r m i n e  t h e  s h e a r  modulus of bone 
from t h e  t o r s i o n a l  t e s t s .  Namely, the  f ractures   were of the 
tens i le  type  tors iona l  fa i lure ,  where  c racks  deve lop  a t  a 45" angle  
to  the  ax i s  o f  t h e  s h a f t ,  as shown in  F igu re  8. The t e n s i l e  
modulus  of e l a s t i c i t y  i s  the determinant parameter of the material 
i n  such  f r ac tu res .  The s i t e  o f  t h e  f a i l u r e  v a r i e d  i n  t h e  e x p e r i m e n t s .  
The cracks were e x t e n s i v e ,  f r e q u e n t l y  e x t e n d i n g  t o  t h e  v i c i n i t y  
of  the  embeddings a t  the   ends   o f   the   shaf t .  The c ros s - sec t iona l  
shape and thus the polar moment o f  i n e r t i a  d i f f e r e d  c o n s i d e r a b l y  
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Figure 8. S p i r a l  f r a c t u r e  of t h e  femur  under 
tors iona l   load  
30 
from one end o f  t he  spec imen  to  the  o the r ,  a l so  making it inadv i sab le  
to  ca r ry  the  to r s iona l  ana lys i s  fu r the r  t han  de te rmina t ion  o f  t he  
to r s iona l  sp r ing  cons t an t .  F igu re  9 shows an  example of a t o r s i o n a l  
bone specimen i l l u s t r a t i n g  t h e  l a r g e  v a r i a t i o n  i n  t h e  s h a p e  a n d  
p o l a r  moment of i n e r t i a  of  the cross  sect ions along the femur.  
I n  o r d e r  t o  i l l u s t r a t e  t h i s  d i s c r e p a n c y ,  t h e  p o l a r  moment of 
i n e r t i a ,  I = tr2dA, was determined by numerical  integrat ion for  
Figure 9 .  The t o t a l  c r o s s  s e c t i o n a l  area, A ,  was d iv ided   i n to  
s e c t i o n s ,  e q u i d i s t a n t  from t h e  assumed c e n t e r  o f  r o t a t i o n  by 
c o n c e n t r i c  c i r c l e s ,  and the  area of  the  bone  ins ide  the  ind iv idua l  
r i n g s ,   c a l l e d  hA w a s  measured  with a planimeter .  The p o l a r  
moment o f  i n e r t i a  f o r  e a c h  c o n c e n t r i c  r i n g ,  AI , was ca l cu la t ed  
by multiplying the measured area and the square of the mean r a d i u s  
o f  t h e  s e c t i o n ,  r : 
P *  
iy  
P i  
i 
2 
A I  = r AA (7) 
P i  i i  
and  t eh  r e su l t s  fo r  t he  ind iv idua l  s ec t ions  were  summarized: 
n 
where n - t o t a l  number of c o n c e n t r i c  r i n g s .  Computed by t h i s  method, 
t h e  d i f f e r e n c e  i n  p o l a r  moment of i n e r t i a  a t  the ends of  the 
4 
specimen, as i l l u s t r a t e d  i n  F i g u r e  9,  i s  very  large  (18.17 m vs.  
26.43 mm > .  4 
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Microhardness  measurements: 
Microhardness  measurements  were  made  with  a  Type MO Wilson- 
Tukon  Microhardness  Tester  using the Vickers  indenter.  With  this 
method,  the  microhardness  of  the  material  is  determined  by  forcing 
'a  square  base  diamond  pyramid  having an  apex  angle  of  136"  into  the 
specimen  under  constant  load  and  measuring  the  diagonals  of  the 
recovered  indentation.  The  unit  Diamond  Pyramid  Hardness  is 
defined  as  the  load  per  area  of  surface  contact  in  kp/mm . It was 2 
calculated  from  the  average  of  the two diagonals  in  the  pyramid 
indentation: 
2 Fs in (F) 
d 
DPH = (9) 
2 
where  DPH - Diamond  Pyramid  Hardness  (kp/nun ) 
d - average  length  of  the two diagonals (nun) 
CY - apex  angle (136")  
F - loading  force  (kp) 
The  Vickers  method  was  selected  as  most  suitable  for  measure- 
ments  on  bone  material,  because  the  indentation  of  the  pyramid  is 
less  influenced  by  the  flatness  and  parallelism  of  the  top  and 
bottom  surfaces  of  the  specimen  and  is  less  sensitive to un venness 
of  the  surface  finish  than  other  techniques.  Because  of  the 
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r e l a t i v e l y  small area of i n d e n t a t i o n  for  a given load,  i t  i s  a l s o  
more s u i t a b l e  f o r  m i c r o s c o p i c  t e s t i n g .  The pene t r a t ion  o f  t he  
i n d e n t e r  i s  sha l low wi th  r e spec t  t o  o the r  me thods ,  be ing  abou t  
1/7 of the  d iagonal .  
The microhardness tests were c a r r i e d  o u t  on Sec t ion  2 of 
the  femur ( see  F igure  5) ,  on the  sur face  be tween Sec t ions  2 and 3 
a t  62.5 % d i s t a n c e  from t h e  d i s t a l  e n d .  The specimens  were  mounted 
on  the  microhardness  tes te r  in  a ho lde r  formed of Kerr d e n t a l  
impression compound.  The samples were p res sed  in to  the  compound, 
s o f t e n e d  p r e v i o u s l y  i n  warm water, w i th  a guided press  mechanism 
to  pos i t i on  the  top  su r face  o f  t he  spec imen  pa ra l l e l  t o  t he  bo t tom 
su r face  o f  t he  ho lde r .  Thus, when the  ho lde r  w a s  f a s t e n e d  t o  t h e  
t ab le  o f  t he  in s t rumen t ,  bone s u r f a c e  i n  t h e  h o l d e r  was se t  p a r a l l e l  
t o  t h e  t a b l e .  
The s i t e  of the measurements w a s  kept uniform because bone 
hardness a t  d i f f e r e n t  l o c a t i o n s  varies w i t h i n  t h e  c o r t i c a l  c r o s s  
sec t ion .   F igu re  10 shows t h e   t e s t  s i t e .  The ax i s   o f  symmetry 
def ined by the divider  of  the angle  between the two f l a t  s i d e s  o f  
t he  bone  sample was s e l e c t e d  as a gu ide l ine .  The f i r s t  i n d e n t a t i o n  
was made along the synunetry ax is ,  e q u i d i s t a n t  from t h e  o u t e r  crest 
and t h e  marrow cavi ty .  Four  more inden ta t ions  were placed  around 
t h e  f i r s t  one i n  a prear ranged  pa t te rn ,  as i n d i c a t e d  i n  t h e  f i g u r e .  
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-‘Figure 10. Location of the  microhardness  measurements 
on the bone cross section 
35 
In a  few  instances a major  blood  vessel  (about  the  size  of  the 
indentation)  was  found  at  the  preselected  sites. In such  cases, 
the  test  site was  moved  to  a  distance of twice  the  size  of  the 
blood  vessel  from  the  original  location. 
The  indentations  were  made  with 0.30 kp load. A bifilar 
measuring  microscope  was  used  with 20x lineal  magnification  to 
measure  the  diagonals of the  indentations.  Both  diagonals  were 
read  in  filar  units (1 filar  unit = 0 . 4 6 9 3  x 10 nun) and  the -3 
average of the two readings  was  considered  to  constitute  one 
datum. For the  various  age  and  experimental  groups,  each  consisting 
of  several  animals,  the  average  and  the  standard  deviation  of  the 
readings  were  calculated  by  pooling  all  five  values  obtained  from 
the  individual  samples  of  the  group.  Thus  the  variation  is  based 
on  the  observed  data,  which s more  meaningful  than  the  variation 
of  microhardness  numbers  would  be,  determined  after  converting  the 
direct  reading  into  hardness  (by an inverse  square  function). 
No additional  surface  finishing  was  needed  because  the  high 
speed  sawing of the  bones  provided  the  necessary  smoothness  for 
the  microhardness  tests.  Duration  of  the  indentation  (while.  the 
pyramid  was  in  contact  with  the  bone)  was  also  kept  uniform  because 
the  bone  material  shows  variations in  microhardness  as  a  function 
of the  indentation  period  (Ampiro, 1961). The  indenter  made 
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contact  with  the  specimen i  15 sec.,  and  remained  in  aontact. 
for 18 sec.  with  constant  load. 
Measurement of conductivity of sound: 
The  conductivity of sound  is  another  indicator  of  the 
mechanical  properties of bone  (Lange,  1970).  Sound  conductivity 
may be  expressed  numerically  as  the  velocity  of  sound  in  the  bone. 
The  measurement  is  based  on  the  principle  that  in  solids  the 
velocity  of  longitudinal  sound  waves  is  constant. It is  a  function 
of the  modulus  of  elasticity  and  the  density of the  material  and  is 
independent  of  the  sound  frequency  (Baumeister  and  Marks,  1967): 
where  v - 
P ’  
E -  
d -  
l - ,  E 
2 d  
. -  
’ P ’ 2 P  
velocity of sound  (m/sec) 
Poisson  ratio  (dimensionless  constant) 
modulus  of  elasticity  (kp/m ) 
density  (kg/m ) 
2 
3 
In this  investigation  the  velocity  of  sound was measured on 
Sections  2  and 3 of the  femur  (Figure 5) using  the  ultrasonic 
velocity  meter of the  Aerospace  Medical  Research  Laboratory, 
Wright-Patterson  Air  Force  Base,  Ohio.  The  transit  time  of  the 
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ultrasonic  pulses  through  the  specimen  along  the  longitudinal  axis 
was  measured by placing  it  between two piezoelectric  transducers, 
one  serving  as  a  generator  and  the  other  as  a  pickup of ultrasound 
pulses.  Between  the  bone  and  transducers,  Aquasonic 100 (Burdick 
Corp.)  ultrasound  transmission  gel  was  used  to  provide  acoustic 
coup 1 ing . 
Pulses of three  psec (167 kHz) were  passed  through  the  bone, 
amplified  and  the  signals  displayed  on an  oscilloscope.  The  velocity 
was  calculated  from  the  transit  time  and  the  length of e  specimen. 
Determination  of  histological  solidity  of  bone: 
The  histological  study  was  aimed  at  establishing  a  quantitative 
description  of  the  solidity  of  the  femur on the  microscopic  level. 
Solidity  is  defined  as  the  ratio  of  volume f solid  matter  to 
total  volume of bone.  Porosity  is  the  complementary  value  of 
solidity,  expressing  the  volumetric  percentage  of  pores  and  cavities 
in  the  bone.  The  Zeiss  point  counting  method  was  used  to  quantify 
solidity.  The  technique is  based  on  Delesse's  principle,  as  used 
in  geology.  According  to  this  principle,  the  areal  proportions  of 
the  components in a  section  of  a  composite  material  are  equivalent 
to  the  volume  proportions.  The  problem  thus  resolves  itself  into 
determination  of  the  areas of the  various  components  on  a  cut 
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sur face .  This  w a s  accomplished by using the gr id  developed for  the 
Zeiss In tegra t ing   Eyepiece  I (Hennig,  1958). The g r i d   c o n s i s t s   o f  
a network of 25 points  arranged a t  t h e  vertices o f  e q u i l a t e r a l  
t r i a n g l e s ,  as shown i n  F i g u r e  11. The g r i d  i s  p laced  on  the  h is to-  
log ica l  sample  and  for  each  poin t ,  i t  is  determined which 
c o n s t i t u e n t  ( s p a c e  o r  s o l i d  m a t t e r )  l i es  under i t .  The r a t i o  of 
the components i s  computed  from the  counted  poin ts .  
The theory  of  the  poin t  count ing  method w a s  mathematically 
proved  by  Chayes  (1956) ; the  ana lys i s  of  accuracy  and  the  theory  
Df s t a t i s t i ca l  e r r o r s  were worked out  by Hennig  (1958). The 
technique is  used in  h i s to log ica l  examina t ions  o f  bo th  ha rd  and  
s o f t  t i s s u e  f o r  q u a n t i t a t i v e  d e s c r i p t i o n  o f  h i s t o l o g i c a l  c h a n g e s  
(Chackley,  1943;  Dunill ,   1962,  1964;  Dunill   and  Anderson,  1967).  
For t h e  h i s t o l o g i c a l  s t u d y ,  a 30-35 p t h i c k  s l i c e  w a s  c u t  
f rom the  sur face  of  Sec t ion  4 of t h e  femur which is  22.5 % from the 
d i s t a l  end. The bone s l ice  was permanently  mounted  on a g l a s s  
microscope  s l ide  wi th  HSR mounting agent. Three 35 mm photographs 
were t a k e n  o f  d i f f e r e n t  s i tes  a long  the  c ros s  sec t ion  wi th  a Zeiss 
Universa l  Photomicroscope  wi th  32 .2~ magni f ica t ion .  The t h r e e  
photographs covered 20-25 % of t h e  t o t a l  c o r t i c a l  area of the bone. 
The p i c t u r e s  were p r in t ed  on  8 x 10 in .  pape r ,  wh ich  r e su l t ed  in  
a t o t a l  l i n e a l  m a g n i f i c a t i o n  o f  272.2.  Figure  12 shows the  
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Figure  11. Network of 25 p o i n t s ,  c o n s t i t u t i n g  t h e  p o i n t  c o u n t i n g  
g r i d  of  the  Zeiss   Integrat ing  Eyepiece I.  The i n t e r -  
v a l  between the points i s  ''all, t he  a rea  a s s igned  to  
each point i s  '!N1', t h e  a r e a  encompassed  by t h e  c i r c l e  
i s  25N 
Figure 1 2 .  Microscopic  bone sect ion for measuring 
h i s t o l o g i c a l   s o l i d i t y .  __ - llOx n a t u r a l   s i z e  
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photograph of a h i s to log ica l  mic roscop ic  bone s e c t i o n .  
The g r i d  of t h e  Zeiss in tegra t ing  Eyepiece  I w a s  a l s o  
e n l a r g e d  p r o p o r t i o n a l l y  t o  t h e  s i z e  o f  t h e  bone s e c t i o n s  on the  
8 x 10 i n .  p r i n t  by making a=23 nun ("a" i s  def ined  in  F igure  11). 
Three point  counts  were made on each of the three photographs, 
r e s u l t i n g  i n  a t o t a l  of  nine  readings  for  each  bone  specimen.  In 
the  n ine  readings ,  225 points  were  counted. Based  on s t a t i s t i c a l  
a n a l y s i s ,  t h e  a b s o l u t e  e r r o r  i n  c o u n t i n g  225 po in t s  on a s u r f a c e ,  
which covers 20 % o f  t h e  t o t a l  a r e a ,  i s  1.79 % and t h e  r e l a t i v e  e r r o r  
is  8.11 % ( a s  computed according to Hennig, 1958) . 
Determination of ash and calcium content:  
The ash and calcium content of Sec t ions  1 and 5 (Figure 5) 
of  the  femur ,  i . e .  the  h ip  and the  knee  jo in t s ,  w i th  the  ad jacen t  
par t  of  the diaphysis  were determined.  
The ash content  expresses  the amount of  organic  components 
i n  bone. It was computed as the  pe rcen tage  r a t io  o f  a sh  we igh t  
wi th  respec t  to  dry  fa t  f ree  weight  (ash  weight  and weight of 
o r g a n i c   m a t e r i a l ) .  
The bones were ashed by placing the samples i n  Coors c r u c i b l e s  
i n t o  a muffle oven for 16 hours a t  650" C. The weight  of  the 
remnant w a s  considered the ash weight of the specimens.  
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The calcium content  was measured with atomic absorption 
spectophotometry.  For  the  measurement a s o l u t i o n  w a s  prepared 
from the bone ash by dissolvlng it i n  1 m l  of 3N HC1 and then 
d i l u t i n g  t h i s  s o l u t i o n  w i t h  1 m l  3x d i s t i l l e d  H 0.  50 p1 of  
t h e  s o l u t i o n  w a s  p i p e t t e d  d i r e c t l y  i n t o  6 m l  o f  3 x  d i s t i l l e d  
H 0 and  mixed. 100 p1 of  the mixture  was f u r t h e r  d i l u t e d  i n  
2 m l  of  0.1 % L a C l  r e s u l t i n g  i n  a f i n a l  d i l u t i o n  o f  5040: l .  
The amount of calcium i n  t h e  f i n a l  s o l u t i o n  w a s  measured i n  a n  
2 
2 
3’  
Ins t rumenta t ion  Labora tory  Model 153  a tomic  absorp t ion  spec t ro-  
photometer of the Aging Research Laboratory, Veterans Administration 
Hospi ta l ,   Lexington,  Ky. The instrument w a s  c a l i b r a t e d  p r i o r  t o  
each test  w i t h  a s tandard  ca lc ium so lu t ion  conta in ing  5 Jrgr C a / m l .  
Dupl ica te  so lu t ions  were prepared from each bone sample and the 
average of  the two readings was used t o  c a l c u l a t e  t h e  c a l c i u m  
con t e n t  . 
The calcium content  of t h e  f a t  f r e e  d r y  bone w a s  c a l c u l a t e d  
as t h e  p e r c e n t a g e  r a t i o  o f  t h e  w e i g h t  o f  t h e  t o t a l  amount of 
ca l c ium in  the  sample  to  the  f a t  f r ee  d ry  we igh t  o f  t he  bone .  The 
calcium content  of  the &I is  the  ra t io  of  the  ca lc ium weight  to  
the ash weight  in  the specimen.  
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Tetracycline  labeling of bone  mineralization: 
Tetracycline  hydrocloride was used  to  label  the  pattern  and 
rate  of  bone  growth  in  the  experimental  animals.  Tetracycline  and 
its  compounds  are  deposited  in  vivo  at  the  sites  of  active  bone 
formation  and  can  be  visualized  by  fluorescence  microscopy  of  the 
undecalcified  bone  sections  (Frost, 1966). 
Tetracycline  belongs  to  a  group of antibiotics  which  deposit 
with  calcium  at  the  calification  fronts  of  the  body. It is  a 
temporally  stable  tissue  marker  which  is  deposited  under  natural 
circumstances . 
New  bone  mineralization  takes  place  in two functionally 
distinct  phases  (Frost, 1968): in the  initial  phase  about 20 % of 
all  the  mineral  that  the  organic  component  of  the  bone  can  accept 
is  deposited in one  day.  The  second  phase  lasts  for  several  weeks 
during  which  the  remainder  of  the  mineral  is  deposited.  Marking 
bone  growth  by  tetracycline  identifies  the  locations  of  new  bone 
formation  by  labeling  permanently  the  site of he  first  phase  of 
mineralization  of  the  organic  matrix.  The  marker  records  where 
mineralization  took  place  in  the  tissue  regardless of composition, 
form,  and  intercellular  morphological,  energic  or  chemical 
mechanisms. 
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I n  t h i s  i n v e s t i g a t i o n ,  t e t r a c y c l i n e  was  a d m i n i s t e r e d  i n  t h e  
d r ink ing  water of the experimental  animals  (2 g r a m / l i t e r )  f o r  36 
hours  once  in  every  30 days. The microscopic  bone sect ions,  
p rev ious ly  p repa red  fo r  measu r ing  the  h i s to log ica l  so l id i ty  of 
bone, were photographed a t  lox l inea l  magni f ica t ion  on  35  mm 
Kodak  Pan-X f i lm through a 150 mp u l t r a v i o l e t  i n t e r c e p t i o n  
f i l t e r  ( Z e i s s  No. 53) .  A high pressure mercury lamp served as 
t h e  l i g h t  s o u r c e .  The photographs  covered  30-35 % o f  t h e  l a t e r a l -  
p o s t e r i o r  c o r t i c a l  area i n  t h e  femur a t  a d i s t ance  o f  22.5 % of 
t h e  t o t a l  l e n g t h  from the   d i s t a l   end .  Comparable l o c a t i o n  f o r  
the sampling s i t e  was necessa ry  in  the  ana lys i s  t o  avo id  the  
v a r i a t i o n s  i n  bone turnover  ra tes  a t  d i f f e ren t  r eg ions  a long  
the  long i tud ina l  ax i s  and the circumference of  the bone. 
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111. RESULTS 
A .  RESULTS FROM NORMAL SUBJECTS 
rJNDER EARTH GRAVITY, HYPERGRAVITY AND VIBRATION 
Body weight:  
I n t e r p r e t a t i o n  o f  t h e  o b s e r v a t i o n s  i n  t h i s  s t u d y  c a n  o n l y  
be made wi th  due  cons idera t ion  of the temporal development of body 
weight  of  the experimental  animals .  The ra ts  survived  and  physiol-  
og ica l ly  adapted  to  hypergravi ty  up t o  2.5g w i t h  t h e  one obvious 
e f f e c t  o f  s u p r e s s i o n  o f  body weight.  
The growth pa t te rn  of  the  an imals  exposed  to  hypergravi ty  
on  the  cent r i fuge  w a s  d iv ided  in to  two per iods .  The f i r s t  few days 
r e s u l t e d  i n  a d e c r e a s e  i n  body weight  a t t rubutable  t o  the combined 
e f f e c t s  o f  r o t a t i o n  and hypergravity accompanied by symptoms of 
motion-sickness. The second  phase was marked  by a d a p t a t i o n  t o  t h e  
environment. The animals  continued  to grow a f t e r   t he   t empora ry  
se tback ,  bu t  the  ra te  o f  body weight increase was slower a t  
hypergravi ty   than a t  1 .Og.   S igni f icant   d i f fe rences   be tween  subjec ts  
a t  2 .5g and subjects  a t  1.Og pers is ted throughout  the experiment  
and tended t o  i n c r e a s e  w i t h  t i m e .  
Figure 13a shows the weights of the experimental  animals a t  
e a r t h  g r a v i t y  and a t  hypergravi ty  versus  t i m e .  Each point  on the 
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graph  represents  the  average  body weight  of  the  group sacr i f iced  
a t  t h a t  a g e .  The s t anda rd  dev ia t ion  o f  t he  da t a ,  i nd ica t ed  by  
vertical b a r s ,  shows that  the difference between the groups i s  
h i g h l y  s i g n i f i c a n t .  
The average body weight of the vibrated animals did not 
s i g n i f i c a n t l y  d i f f e r  from t h a t  of t h e  c o n t r o l s ,  as shown i n  
Figure  13b. The p o i n t s  of th i s   g raph   aga in   represent   the   average  
weight   of   the   groups a t  the  t ime  o f  s ac r i f i ce .  The ind iv idua l  
d a i l y  body weights, however, revealed unusual differences between 
two animal  groups,   caused  by  the  feeding  schedules.  Namely, i n  
the experiment  with 1 2  hours of 25 Hz v i b r a t i o n ,  one group was 
exposed to  vibrat ion without  food a t  daytime from 9.00 A . M .  t o  
9:00 P.M. and the  o ther  group w a s  on the  shake  tab le  a t  n igh t  
from 9:00 P.M. t o  9:00 A.M. The cont ro l   an imals   were   s imi la r ly  
d iv ided  in to  two groups and respect ively exposed,  without  food,  
to confinement i n  a restricted space,  resembling the compartments 
on the  shake  tab le .  Between t h e  e x p e r i m e n t a l  s e s s i o n s  a l l  rats were 
k e p t  i n  r e g u l a r  l a b o r a t o r y  c a g e s  and  had f r ee  access  to  food .  The 
body weight of the groups which fed in the daytime increased a t  a 
markedly lower rate than that of the groups which were a b l e  t o  
feed a t  n i g h t ,  as shown in  F igu re  14 .  The differences  between  the 
corresponding vibrated groups and cont ro l  groups  a re  smal le r  than  
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Figure  1 3 .  Body wetght as a function  of  age 
a )  a t  e a r t h  g r a v i t y  and a t  hypergravi ty ,  
b )  wi thout  v ibra t ion  and  wi th  v ibra t ion .  
The points  forming the curves const i tute  the group average with N 
r ep resen t ing  the  number of animals in each experimental and age 
group. The ve r t i ca l  ba r s  t h rough  the  po in t s  r ep resen t  +one 
s t anda rd  dev ia t ion  
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Figure 14. Effect  of  daytime and night-t ime  feeding on body  weight 
of rats.  Rats fed a t  n i g h t  i n  t h e  Daytime  Confinement 
and Daytime Vibration groups, and fed during daytime 
in the Nighttime Confinement and Nighttime Vibration 
groups.   (Each  point  represents  the  average  weight of 
four   animals  .) 
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t h e  d i f f e r e n c e s  r e s u l t i n g  from the  two feeding  schedules.   Those 
d i f f e r e n c e s  must  undoubtedly  be  a t t r ibu ted  to  the  d is rupt ion  of  
the  normal  c i rcadian  habi t s  of  the  rodents .  The rat i s  a noc tu rna l  
animal which feeds regularly a t  n i g h t .  Food depr iva t ion  a t  n i g h t  
forced the animals  into a reverse s c h e d u l e  r e s u l t i n g  i n  a r e l a t i v e l y  
slower rate of body weight  gain.  
Bone weight ,  volume and dens i ty :  
Weight,  volume  and d e n s i t y  o f  t h e  i n t a c t  femur  and t i b i a  a r e  
shown i n  F i g u r e s  15, 16  and 1 7  as a function  of  age.  Each p o i n t  
on the graphs represents the average value for the bones in the 
r i g h t  and l e f t  e x t r e m i t i e s  of the  an ima l s  s ac r i f i ced  a t  t h a t  a g e .  
The process of normal aging is shown by the animals a t  e a r t h  g r a v i t y .  
A t  hypergravity the development of bone weight ,  volume and d e n s i t y  
followes  the  normal  temporal  pattern  found a t  1.Og. This f a c t ,  
however,  must be viewed with consideration of the large difference 
i n  body weight between the two groups.  A t  any one age, the 
ch ron ica l ly  cen t r i fuged  rats weighed s i g n i f i c a n t l y  l e s s  t h a n  t h e  
con t ro l s  o f  t he  same age a t  l .Og ,  bu t  t h i s  d i f f e rence  i s  not 
r e f l e c t e d  i n  t h e  r e s p e c t i v e  w e i g h t s ,  volumes and dens i t i e s  o f  
the bones.  
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Figure 15. a) Weight and b) volume  of the femur 
at earth gravity and at hypergravity 
50 
Figure 16. a) Weight and b) volume of the tibia 
at  earth  gravity and at hypergravity 
5 1  
Figure 1 7 .  a)   Density of the femur  and  b) d e n s i t y  of 
t h e  t i b i a  a t  e a r t h  g r a v i t y  and a t  hyper- 
g r a v i t y  
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Figures  18 and 1 9  show the weight and volume of the femur 
and t i b i a  i n  rats exposed t o  c h r o n i c  v i b r a t i o n  a g a i n s t  t h e  w e i g h t  
and  volume of c o n t r o l s .  The d e n s i t y  of the bones i s  shown i n  
Figure 20 as a func t ion  of  age .  Vibra t ion  does  not  a f fec t  the  
normal development of the weight,  volume and density of ra t  bone. 
The weight,  volume and density curves,  as a func t ion  of age,  
resemble the growth curve,  which tempts one to display the bone 
parameters not as a funct ion of  age (as above) but as a func t ion  
of  body weight.  This has  been  customary i n  p r e v i o u s  i n v e s t i g a t i o n s  
(Wunder and Lutherer ,  1964;  Smith and Savi l le ,  1966;  Savi l le  and 
Smith,  1966;  Smith and Fel ts ,  1968;  Savi l le  and Whyte, 1969). 
Bone weight, volume and density as functions of body weight were 
s i m i l a r l y  p l o t t e d  f o r  rats used  in  th i s  s tudy ,  a t  e a r t h  g r a v i t y  
and a t  2 .5g hypergravi ty  in  Figures  21,  22 and  23. The r e g r e s s i o n  
l i nes  o f  t he  da t a  were  ca l cu la t ed  fo r  t he  two groups with the method 
o f  l e a s t  s q u a r e s .  The c o r r e l a t i o n  c o e f f i c i e n t  o f  l i n e a r i t y  and  the 
F- ra t io ,  express ing  the  var ia t ion  of  the  da ta  be tween and  wi th in  
the experimental  groups,  were also computed (according to Snedecor 
and Cochran, 1967) . 
Table 3 summarizes  the resul ts  of  the s ta t i s t ica l  a n a l y s i s ,  
ca r r i ed  ou t  on  the  Labora to ry ' s  IBM 1800  computer. The c o r r e l a t i o n  
c o e f f i c i e n t s  i n d i c a t e  t h a t  bone weight, volume and density of the 
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Figure 18. a )  Weight  and b)  volume of  the femur 
wi th  and wi thou t  v ib ra t ion  
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Figure 1 9 .  a) Weight and b) volume o f  the t i b i a  
with and without vibration 
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Figure 20. a)   Density  of  the femur  and b )   dens i ty  o f  
t h e  t i b i a  w i t h  and  wi thout  v ibra t ion  
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Figure 21. a) Weight of the femur  and b) volume  of the 
femur as functions of body  weight, at earth 
gravity and at 2.5g hypergravity 
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Figure 22.  a) Weight of the tibia  and  b) volume of the tibia 
as functions of body  weight,  at  earth  gravity and 
at  2.5g hypergravity 
58 
h 
c) 
E 
E e 
\ 
V 
Y 
0 
t 
BODY WEIGHT (gr) 
( a )  
BODY WEIGHT (gr) 
( b) 
Figure  23.  a)  Density of the femur  and b)  density  of  the  t ibia 
as functions of body weight,  at earth gravity and 
at 2.5g hypergravity 
- 5 9  
m 
0 
Table 3 .  Sta t i s t ica l  Analysis of Weight, Volume and Density of Bone as Functions of Body Weight 
Between Experimental Groups a t  Earth Gravity and a t  2.5 g Hypergravity 
Weight 
”L Volume 
Density 
Weight 
Volume 
L Dens i t y  
:ravi t y  
Leve 1 
1 .og 
2.5g 
1 .og 
2.5g 
1 .og 
2.5g  
1 .og 
2.5g 
1 .og 
2.5g 
1 .og 
2.5g 
N Regression Equation 
42 y = 0 . 0 0 1 6 3 1 ~  - 0.0253 
28 
y = 0 . 0 0 1 2 4 8 ~  + 0.0271 42 
y = 0 . 0 0 1 2 7 4 ~  + 0.6925 28 
y = 0 . 0 0 1 0 1 2 ~  + 0.6920 42 
y = 0 . 0 0 1 0 9 6 ~  + 0.1462 28 
y = 0 . 0 0 0 9 1 2 ~  + 0.1872 42 
y = 0 . 0 0 1 6 8 0 ~  + 0.0466 
y = 0 . 0 0 1 2 8 5 ~  + 0.7384 28 
y = 0 . 0 0 1 0 2 1 ~  + 0.7857 42 
y = 0 . 0 0 0 6 0 6 ~  + 0.2194 28 
y = 0 . 0 0 0 6 3 3 ~  + 0.1756 42 
y = 0 . 0 0 1 4 4 3 ~  + 0.0242 28 
Correlation  C eff.  F Ratio 
r P F P 
0.9650 <1.0 % 
1.2377 >10.0 % 
0.5550 <1.0 % 
0.9374 4 . 0  % 
3.1257 7 5.0 % 
0.9076 <1.0 % 
0.9293 d . 0  % 
6.4339 < 2.5 ’X 
0.9064 4 . 0  % 
0,9543 d . 0  % 
0.8722 <1.0 % 
3.4106 710.0 % 
0.9068 <1.0 % 
3.5402 710.0 % 
0.7279 4 . 0  % 
0.9349 d . 0  % 
5.7567 < 2.5 % 
0.9351 4 . 0  % 
femur and t i b i a   i n   t h e  rat  are l inea r  func t ions  o f  body weight 
w i t h  t h e  s i g n i f i c a n c e  level of P < 1 X, both a t  hypergravity and 
a t  e a r t h  g r a v i t y .  
The analysis  of  var iance between and within the groups 
r evea l s  t ha t  t he  dens i ty  o f  bo th  the  femur  and t h e  t i b i a  i n  t h e  
animals a t  hypergravi ty  is  higher  than in  animals  of  comparable  
weight a t  e a r t h  g r a v i t y .  The d i f f e r e n c e  i s  s i g n i f i c a n t  w i t h  
p < 2 . 5  % i n  t h e  F - t e s t .  The d i f f e rence  in  we igh t  and  volume  of 
the femur of the animals a t  the two g r a v i t y  l e v e l s  i s  less 
s i g n i f i c a n t  s t a t i s t i c a l l y  ( P  > 10 % and P > 5 % i n  t h e  F - t e s t ) .  
F o r  t h e  t i b i a ,  t h e  F - t e s t  i n d i c a t e s  t h a t  t h e  d i f f e r e n c e s  a r e  
s i g n i f i c a n t  a t  P > 5 %. 
Body w e i g h t ,  s p e c i f i c a l l y  f a t t y  t i s s u e  w e i g h t ,  i s  a f f e c t e d  
by the  environmental stress of   gravi ty   (see  Figure 1 3 ) .  Therefore,  
d i sp l ay ing  bone parameters as a func t ion  of  body weight does not 
make e x p l i c i t  t h e  f a c t  t h a t  bone development a t  hypergravi ty  
fol lows the normal  pat tern of  growth,  i .e .  the  process  of  
aging a t  high g progresses  a t  the  same rate as t h a t  which i s  
observed a t  e a r t h  g r a v i t y .  When body  weight is  used as the indepen- 
dent  var iab le ,  the  d iscrepancy  in  the  weight  of  the  d i f fe ren t  groups  
e n t e r s  as a d i f f e r e n c e  i n  e i t h e r  bone o r  s o f t  t i s s u e  q u a l i t y .  
However,  when age i s  used as the independent  var iable ,  the bone 
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development of the  var ious  groups  can  be  d i rec t ly  compared on 
a temporal   basis .  Based  upon these   cons ide ra t ions ,   t he   f i nd ings  
of  t h i s  i n v e s t i g a t i o n  are pr imar i ly  d isp layed  as a func t ion  of age. 
Bone length and cross  sect ional  areas: 
Figure 24a shows the  length  of the femur and the t ibia versus 
age.  The small s tandard  devia t ion  of  the  da ta  ind ica tes  tha t  long-  
i t u d i n a l  bone growth i s  very uniform in the individual  animals  of 
the same age, and i s  not  inf luenced by t h e  r e l a t i v e l y  l a r g e r  
v a r i a t i o n s  i n  body  weight. A t  hypergravity (Figure 24a) the bones 
tend  to  be  growing  slower  than a t  1.Og. The lower hypergravity 
levels of 1.5 and 2.0g cause less deviation from the corresponding 
controls  than 2.5g.  
Chronic vibration does not change the normal pattern of 
l ong i tud ina l  bone  growth i n  t h e  femur  and t h e  t i b i a ,  as shown i n  
Figure 24b. 
The cross-sectional growth of the femur is shown in  F igure  25 .  
The t o t a l  area of each of the  th ree  loca t ions ,  i nd ica t ed  in  F igu re  5, 
increases  with age.  Since both bone formation and r e so rp t ion  t ake  
p lace  a t  t h e  p e r i o s t e a l  s u r f a c e ,  a n  i n c r e a s e  i n  t o t a l  a r e a  means 
t h a t  bone  forms f a s t e r  t h a n  i t  re so rbs .  However, t h i s   i n c r e a s e  
i s  n o t  t h e  same a t  d i f f e ren t  l oca t ions  a long  the  d i aphys i s  o f  t h e  
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Figure 24. Longitudinal  growth  of  the femur  and t h e  t i b i a  
a )  a t  e a r t h  g r a v i t y  and a t  hypergravi ty  
b )  w i t h  and wi thou t  v ib ra t ion  
63 
A 
a 
E 
E 
a 
Y 
W 
2 
cd 
c5 
E 
E 
a 
w 
s 
h 
rl 
E 
E 
a 
w 
W 
% 
AREA BETWEEN FEMUR SECTIONS 1 and 2 
1 1 , . - .  - . . . . - -. 
I 
at earth gravity 
TOTAL AREA. 
12- ' - 
I 
~ 
AREA  BETWEEN  FEMUR  SECTIONS 2 and 3 
at earth gravity 
I 
16 TOTAL AREA: 
12 I 
CORTICAL 
AREA: 
I 
4 :  
at hypergravity 
I i '  
?= I I 
AREA  BETWEEN  FEMUR  SECTIONS 3 and 4 
I I I I I I I 2 0 "  " 4 .  i i""- 
le .TOTAL 
- i .. " 
I at earth gravity 
- 
at hypergravity 
A at 2Dg 
0 at 2% 
a at m g  
12 ' 
8 CORTICAL AREA: 
Figure 25 .  Cross-sectional  growth of t he  femur a t  e a r t h  
g r a v i t y  and a t  hypergravi ty  
64 
AREA BETWEEN FEMUR SECTIONS 1 and 2 
201 I I I I I I 
I 
without  vibration 
I 
16 - 
TOTAL AREA: 
d 
E 12. - : - 
E 
4 CORTICAL A R E A :  
W 8 -  
U 
U 
a 
I with  vibration 
4" . . . 4 I 
, I  I I 
3?&* I I I 
AREA BETWEEN FEMUR SECTONS 2 and 3 
20 I 
I 
I 
I 
without vibration 
F 12- .. 
E 
E 
4 8-CORTICAL AREA: 
W a 
4 
Y 
with  vibration - 
I I I 
AREA BETWEEN  FEMUR SECTIONS 3and 4 
I I I 20 I I I without  vibration 
without  vib N&"- 4- - - -4- _ _  - -4- - - _ _  _ _ _ _  - - _. - 4  
with viR N= . 4 -  .. 4p ._ -. . 4 - - I . - - - - - .. -4 
0 :  
60 100 140 180 
AGE  (days 1 
Figure 26. Cross-sectional  growth of the  femur 
wi th  and w i t h o u t   v i b r a t i o n  
65 
femur. A t  a d i s t ance  of 0 .725 length from the dis ta l  end  and 
a t  0.625L the  c ros s  sec t ion  has  a t r iangular  shape and the marrow 
c a v i t y  is small w i t h  r e s p e c t  t o  t h e  t o t a l  area, as shown i n  t h e  
lower par t  of  Figure 6.  The rate of cross-sect ional  growth there  
is h igher  than  a t  0.225L where  the  shape  of  the  c ross  sec t ion  i s  
e l l i p t i c a l  w i t h  a r e l a t i v e l y  l a r g e  marrow c a v i t y  as shown i n  t h e  
upper  par t  o f  F igure  6 .  
The c o r t i c a l  area i t s e l f  i n c r e a s e s  w i t h  age a t  0.725L and 
0.625L, but   remains  constant  a t  0.225L.  Thus a t  t h i s  l a t t e r  
l oca t ion  the  ske le t a l  ba l ance  be tween  the  pe r ios t ea l  and end- 
o s t e a l  s u r f a c e s  i s  equal .  
The pattern of cross-sectional bone growth a t  hypergravi ty  
was  found to be similar to  the cross-sect ional  development  a t  1.Og 
(Figure  25) .   Figure 26 shows tha t   chronic   exposure   to   v ibra t ion  
does  not  a f fec t  the  c ross -sec t iona l  growth  e i ther .  
Compressive e l a s t i c i t y :  
The s teady  increase  of  the compressive spring constant and 
of the modulus of e l a s t i c i t y  d u r i n g  a g i n g ,  f o u n d  i n  t h i s  s t u d y  and 
shown i n  F i g u r e s  27a and 28a, quantifies the w e l l  known f a c t  t h a t  
bone loses i t s  e l a s t i c i t y  w i t h  a g e .  The s t anda rd  dev ia t ion  of t h e  
da t a  in  the  compress ion  t e s t  i s  r e l a t i v e l y  h i g h  b e c a u s e  b r i t t l e  
mater ia l s ,  such  as d ry  bone ,  exh ib i t  cons ide rab le  sca t t e r  i n  
breaking points  under  increasing compressive load (Shames, 1964). 
Chronic  exposure to  hypergravi ty  does not  seem to have a s i g n i f i c a n t  
effect on the normal  aging process  of  s t i f fening expressed by the 
sp r ing  cons t an t  a s  well as by t h e  modulus of e l a s t i c i t y  of bone 
(Figures 27a and 28a). 
When only 2.5 hours of v i b r a t i o n  was appl ied  twice d a i l y  a t  
20 Hz and 25 Hz for  35  days ,  no o the r  t han  no rma l  s t i f f en ing  
occurred in the bone material:  no change was found between the 
compress ive  e l a s t i c i ty  o f  bone  unde r  v ib ra t ion  as compared t o  
tha t  o f  t he  non-v ib ra t ed  con t ro l s .  However, c h r o n i c  v i b r a t i o n  of 
1 2  hour s  da i ly  a t  25 Hz d i d  i n c r e a s e  s i g n i f i c a n t l y  b o t h  t h e  
compressive spr ing constant  and the modulus of  e las t ic i ty  in  the 
femur as Figure 29a and 30a show. During 60 and  120  days  of 
v i b r a t i o n  ( a t  a g e s  of  120 and 180 days respectively bone became 
s i g n i f i c a n t l y  more r i g i d  t h a n  bone i n  normal aging. 
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Figure 27. a) Compressive  spring  constant and 
b) torsional  spring  constant of the 
femur at earth  gravity and  at 
hypergravity 
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Figure 28. a )  Modulus of  e l a s t i c i t y  and b)  microhardness 
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T o r s i o n a l  e l a s t i c i t y :  
As was t o  b e  e x p e c t e d ,  t o r s i o n a l  s t i f f n e s s  o f  b o n e ,  as 
expressed  by  the  tors iona l  spr ing  cons tan t ,  w a s  a l s o  found t o  
increase  wi th  age  reaching  a maximum a t  around 220 days of age 
as shown i n  F i g u r e  27b. No f u r t h e r  i n c r e a s e  w a s  observed 
a f t e r  t h a t  a g e .  
Chronic exposure to hypergravity and vibration a t  t h e  
i n t e n s i t y  levels inves t iga t ed  he re  d id  no t  change  the  to r s iona l  
e l a s t i c i t y  o f  t h e  femur.  This i s  shown i n  F i g u r e s  27b and  29b. 
Microhardness: 
Figure 28b  shows that  microhardness  of  bone increases  with 
age.   Chronic  exposure  to  hypergravity  does  not  influence  the 
normal hardening process in the bone. 
Long term chronic  v ibra t ion ,  however ,  t ends  to  increase  
hardness as shown i n  F i g u r e  30b: a f t e r  120  days  o f  v ib ra t ion  wi th  
12 hours of daily exposure a t  25 Hz, microhardness of v i b r a t e d  
bone has become h igher  than  tha t  of  the  non-v ibra ted  cont ro ls .  
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Conductivity of sound: 
Figure 31 d e p i c t s  v e l o c i t y  o f  sound through Sections 2 and 3 
of  the femur versus  age ,  a t  e a r t h  g r a v i t y  and  hypergravity.  Sound 
conductivity through bone is found t o  i n c r e a s e  r a p i d l y  i n  e a r l y  
age and more g r a d u a l l y  l a t e r ,  e s p e c i a l l y  i n  S e c t i o n  3 ,  which 
comprises 40 % o f  t h e  t o t a l  femur length and const i tutes  the major  
p a r t  o f  t h e  d i a p h y s i s .  T h i s  r i s e  i n  v e l o c i t y  o f  sound  and the  
co r re spond ing  r i s e  in  a sh  and calcium content,  observed during the 
same per iod ,  make i t  apparent  that  conduct ivi ty  of  sound and s ta te  
of m i n e r a l i z a t i o n  i n  bone must be related. 
Veloci ty  of sound i n  homogeneous material i s , . a s  s t a t e d  
e a r l i e r ,  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  t he  r a t io  of  modulus 
o f  e l a s t i c i t y  and d e n s i t y .  The func t ion  4 I - E versus  age  for  
femural bone w a s  ca l cu la t ed  from t h e  measured values of "E" and 
d 
lldll , and entered in  Figure 31a. It h a s  e s s e n t i a l l y  t h e  same shape 
as the  exper imenta l ly  obta ined  ve loc i ty  of  sound curve ,  the  only  
d i f f e r e n c e  b e i n g  t h a t  t h e  c a l c u l a t e d  p o i n t s  a r e  a b o u t  Av = 150 m/sec 
above those of  the measured points .  This  must  be due to  the fact  
t h a t  bone i s  a porous and inhomogeneous ma te r i a l .  
Chronic exposure t o  hypergravi ty  and  v ibra t ion  does  not  a f fec t  
the normal temporal increase in sound conductivity of bone to any 
s ign i f i can t  deg ree  (F igu res  31 and 32) .  
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Figure 32.  Velocity  of  sound  in a )  Sec t ion  3 and b )  Sec t ion  2 
of the  femur wi th  and  wi thout  v ibra t ion  
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H i s t o l o g i c a l   s o l i d i t y  of bone: 
The amount of s o l i d  matter i n  bone, expressed as pe rcen t  of 
t o t a l  volume,  is--,shown i n  F i g u r e  33. Sol idi ty  of  bone remains 
almost cons t an t  ove r  t he  t i m e  pe r iod  o f  t h i s  i pves t iga t ion .  The 
s l i g h t  i n c r e a s e  o r  d e c r e a s e  i s  of  the  same magnitude as t h e  
v a r i a b i l i t y  o f  t h e  d a t a  and os teoporos is  due  to  ag ing  does  not  
appea r  t o  occur  in  rats during the span of l i f e  which was s tud ied  
in   the  experiment .   This   sorresponds  with a s l i g h t l y  d e c r e a s i n g ,  
b u t  s t a t i s t i c a l l y  i n s i g n i f i c a n t  change of bone s o l i d  matter found 
i n  humans with  advancing  age  (Dunill  and  Anderson,  1967).  Chronic 
exposure to hypergravity and vibration w a s  found not to a l t e r  
the normal  porosi ty  level of the femur.  
Ash and calcium content: 
The a sh  con ten t  found  in  the  h ip  jo in t  (Sec t ion  1, Figure 5) 
is  p l o t t e d  as a func t ion  of age in Figures 34a and 36a and that of 
t h e  k n e e  j o i n t  i n  F i g u r e s  35a and  37a.  Ath t h e  r e l a i v e l y  young 
age of 60 days, the ash content of the femur is  only 50 % of t h e  
d ry  we igh t  i n  the  knee  jo in t  and  54  % i n  t he  h ip ,  showing  tha t  
t h e r e  is  a high proport ion of  unmineral ized organic  matter p re sen t  
a t  t h i s  a g e .  The a sh  con ten t  t hen  inc reases  up  to  the  age  of 
160 - 180 days where a p l a t e a u  o f  64 % and 67 % i s  reached. 
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Figure 3 3 .  S o l i d i t y  of  bone i n  t h e  femur 
a )  a t  e a r t h  g r a v i t y  and a t  h y p e r g r a v i t y  
b )  w i t h  and  wi thout  v ibra t ion  
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The calcium content  of t h e  d r y  fa t  f ree  bone, however, 
does not  change with age as shown in  F igures  34b ,  35b ,  36b  and  37b. 
The level o f  c a l c i u m  i n  t h e  h i p  j o i n t  as well as i n  t h e  knee j o i n t  
remains almost constant around 20-21 % of t h e  d r y  f a t  f r e e  w e i g h t .  
However, the  ca lc ium content  of  the  ash  d iminishes  wi th  age  
from 40 % t o  30 - 32 % during the same period (see Figures  34c,  35c, 
36c and 37c). 
The f ind ings  reveal t h a t  u n i t  w e i g h t  o f  young  bone con ta ins  
smaller amounts of  i no rgan ic  components than unit weight of  o l d e r  
bone and that the calcium content of the whole bone (organic and 
inorganic)  i s  cons t an t  wh i l e  t he  p ropor t ion  of c a l c i u m  i n  t h e  
ino rgan ic  component (ash)   decreases .  Thus t h e   i n c r e a s e   i n  
i no rgan ic  components must be due not to  ca lc ium depos i t ion  but  
t o  t h e  d e p o s i t i o n  o f  o ther  inorganic  cons t i tuents  (main ly  carbonates ,  
accord ing  to  Fourman, 1960) .  
Figures 34, 35, 36 and  37 show the  bone composition in the 
h i p  and knee j o i n t s  of  animals  exposed chronical ly  to  hypergravi ty  
and  v ibra t ion .  Chronic  exposure  to  hypergravi ty  and  v ibra t ion  
does not cause compositional changes i n  t h e  i'emur. 
78 
I 
ln a 
Figure 3 4 .  Compositional  analysis  of  Section 1 ( h i p   j o i n t )  
of the femur a t  ea r th  g rav i ty  and  a t  hypergravi ty:  
a)  ash content  of  the bone 
b )  calcium content of t h e  d r y  f a t  f r e e  bone 
c )  ca lc ium content  o f  the bone ash 
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Figure 3 5 .  Composi t ional   analysis   of   Sect ion 5 (knee   jo in t )  
of  the femur a t  e a r t h  g r a v i t y  and a t  hypergravi ty:  
a )  ash  conten t  o f  the bone 
b )  calcium content o f  t h e  d r y  f a t  f r e e  bone 
c) calcium content of bone ash 
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Figure 3 6 .  Compositional  analysis  of  Section 1 ( h i p   j o i n t )  
of the femur with and without vibration 
a) ash  conten t  o f  t h e  bone 
b )  calcium content  of  t h e  d r y  f a t  f r e e  bone 
c )  ca lc ium content  of bone a sh  
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Figure 37. Compositional  analysis of Section 5 (knee  joint) 
of the femur  with and without  vibration: 
a) ash content of the bone 
b)  calcium content  of the dry fat free  bone 
c) calcium  content of bone  ash 
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Mode of  bone mineral izat ion:  
Table 4 con ta ins  the  schedu le  o f  t e t r acyc l ine  bone l a b e l i n g .  
The ages a t  which  te t racyc l ine  w a s  administered and the ages a t  
which the rats were la te r  s a c r i f i c e d  are l i s t e d .  
Figure 38 shows t h e  d e p o s i t i o n s  o f  t e t r a c y c l i n e  i n  a 
d i aphysea l  c ros s  sec t ion  o f  t he  femur of animals a t  2 .5g  gravi ty  
and  correspondipgly a t  e a r t h  g r a v i t y .  The three  samples shown 
were t a k e n  i n  two month p e r i o d s  a f t e r  t h e  a d m i n i s t r a t i o n  o f  two, 
four  and  s ix  doses  of  te t racyc l ine .  The bands  represent   the active 
f r o n t  o f  bone growth where mineralization of the organic bone 
mat r ix  took  p lace  dur ing  the  36 hours  o f  t e t r acyc l ine  in t ake .  
Comparison of  the respect ive pat terns  of  mineral  deposi t ion reveals 
tha t  t he  ac t ive  zones  t end  to  be  wide r  a t  hypergravi ty  than a t  1.Og. 
This   apparent   var ia t ion  could  have two reasons: (1) The active 
layer  of  minera l  depos i t ion  might  ac tua l ly  be  wider  under  hyper -  
g r a v i t y  b e c a u s e  o s t e o b l a s t i c  a c t i v i t y  o f  t h e  t i s s u e  i s  more d i spe r sed  
a t  h igh  gravi ty  than  a t  1 .Og. (2)  The planes in  which the microscopic  
s e c t i o n s  were cu t  migh t  have  been  s l igh t ly  d i f f e ren t  from one another. 
Femurs are s h o r t e r  a t  hypergravi ty  than a t  l .Og, and thus  the  
angle  between the microscopic  s l i ce  and the  long i tud ina l  zone  o f  
active cells a l o n g  t h e  s h a f t  of the bone could be different  between 
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Table 4 .  Schedule o f  Te t r acyc l ine  Bone Labeling 
84 
I 
at earth  gravi y at hypergravity 
Figure 38. Zones  of  active  bone  formation  in  a  diaphyseal  cross  section 
of the femur, labelled by deposition of tetracycline, as 
visible  under  ultraviolet light after  four,  six and eight 
months of exposure to hypergravlty. 22x natural  size 
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the  groups .  Cut t ing  the  ac t ive  layers  a t  d i f f e r e n t  a n g l e s  would 
appear on the photographs as a v a r i a t i o n  i n  t h i c k n e s s  e v e n  when 
the zones have the same width.  
Figure 39 shows t h e  e f f e c t  o f  c h r o n i c  v i b r a t i o n  o n  t h e  mode 
of bone deposit ion.  The samples were taken from animals vibrated 
12  hours per day for two and  four  months.  Three  and  five  doses 
o f  t e t r a c y c l i n e  had  been  adminis tered  to   these rats. I n  t h e  
cont ro l  an imals ,  no t  exposed  to  v ibra t ion ,  the  pa t te rn  of  the  
ac t ive  minera l iza t ion  zones  ind ica ted  by  the  te t racyc l ine  bands  
is  r e g u l a r  and concen t r i c .  In  the  v ib ra t ed  an ima l s ,  however, 
no cont inuous  l ines  are d i s c e r n a b l e ,  t h e  s i t e s  o f  m i n e r a l i z a t i o n  
a re  d i spe r sed  ac ross  the  d i aphys i s  w i thou t  w e l l  de f ined  f ron t s  
o f   t e t r acyc l ine   depos i t i on .   V ib ra t ion   p ro found ly   a l t e r s   t he  
normal  osteonal  remodelling  of  bone. The mine ra l i za t ion  of t he  
organic  mat r ix  becomes d iscont inuous  and  d ispersed  in  the  femur 
d i aphys i s .  
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without  vibration 
Figure 39. Zones of active  bone 
with  vibration 
formation  in a diaphyseal  cross 
section  of the femur, labelled by deposition of 
tetracycline, as visible  under  ultraviolet  light, 
after two and four  months of vibration. 
22x natural  size 
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B. RESULTS FROM I W B I L I Z E D  SUBJECTS 
UNDER EARTH GRAVITY, HYPERGeVITY AND VIBRATION - ~ .  
Body weight:  
After removal of the cast  from the one hind leg,  the weight 
of the "irmnobilized" animals w a s  342 + 10 gram which i s  s i g n i f i c a n t l y  
l e s s  t h a n  t h e  375 + 1 2  gram weight of normal rats of  the  same age 
(Figure 40 vs .  F igure  1 3 ) ,  i . e .  immobilization decreases body 
weight   development .   Thir ty-eight   days  la ter ,  a t  t he  end of  the 
experiment,  the previously immobilized animals s t i l l  weighed less 
than normal rats of corresponding age, namely 432 + 25 grams 
v s .  475 + 32 grams. 
- 
- 
- 
- 
Figure 40a shows t h a t  s h o r t l y  a f t e r  t h e  s tar t  of exposure of 
these subjects  to  hypergravi ty  (on day 9 8 ) ,  there  occurred  the  
i n i t i a l  w e i g h t  l o s s  c h a r a c t e r i s t i c  o f  f i r s t  e x p o s u r e  t o  c e n t r i f u -  
ga t ion .  Body we igh t  t hen  s t a r t ed  to  inc rease  in  the  second  week 
o f  cen t r i fuga t ion  and continued  on  an upward t r e n d .  However, t h e  
body weight of the "immobilized" animals a t  hypergravi ty  s tayed  
always below the weight of corresponding controls a t  e a r t h  g r a v i t y  
and also under  the weight  of  centr i fuged animals  growing without  
pr ior  immobi l iza t ion .  
Vibra t ion  a f te r  immobi l iza t ion  produces  a similar e f f e c t  on 
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Figure 40.  Body  weight as a  function of age  during 
immobilization and subsequent  exposure to 
a) hypergravity and 
b)  vibration 
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the  rate of body  weight  gain.  After an initial  decrease,  the 
body  weight  starts  increasing  again,  but it always  remains  less 
than  that of other  experimental  groups  (Figure  40b  vs.  Figure 13b). 
Bone  weight,  volume  and  density: 
As  Figure 41 shows,  at  the  end  of  the  immobilization  period, 
both  weight  and  volume  of  the  femur  in  the  immobilized  extremety 
were  significantly  lower  than  those in the  corresponding  free 
leg.  After  removal of the  cast,  weight  and  volume  tended  to 
regain  the n o m 1  developmental  levels  of  the  immobilized  leg 
but  this  is  still  not  accomplished  at  the  end of five  more  weeks 
of  observation. 
Figure 42 shows  that  there  was  no  difference  in  weight  and 
volume of the  free  and  immobilized  tibias  at  the  time  the  cast 
was  removed,  and  that  the  development of bone  was  normal. 
Exposure  to  hypergravity  and  chronic  vibration  did  not 
systematically  influence the recovery  pattern  of  previously 
immobilized  bone  (Figures 41, 42, 44 and 45) .  
Immobilization  effects on bone  density  in  both  femur  and 
tibia  are  shown  in  Figure 43. The  pattern  of  normal  bone  development 
is  represented  by  the  density  of  the  free  leg,  shown on the  same 
figure.  During  five  weeks  of  immobilization  the  density  of 
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Figure 42.  a )  Weight  and b)  volume of t he   t i b i a   du r ing  
immobilization and subsequent exposure to 
e a r t h  g r a v i t y  and hypergravi ty  
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Figure 4 3 .  a) Density of the femur and b) density  of the 
tibia  during  immobilization and subsequent 
exposure to earth  gravity and hypergravity 
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Figure 4 4 .  a) Weight and b)  volume  of the femur during 
immobilization and subsequent  exposure to 
vibration 
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Figure 45. a) Weight and  b) volume of the tibia  during 
immobilization and subsequent  exposure  to 
vibration 
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Figure 46. a)   Dens i ty  of t he  femur  and b )   d e n s i t y  of  the 
t ib ia  dur ing  immobi l iza t ion  and subsequent 
exposure t o  v i b r a t i o n  
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bone i n  t h e  cast increased ,  bu t  a t  a g rea t ly  r educed  r a t e  w i th  
r e s p e c t  t o  t h a t  in  t h e  f r e e  l e g  and a t  t h e  end o f  t h e  f i v e  weeks 
the  femur as w e l l  as t h e  t i b i a  were s i g n i f i c a n t l y  l e s s  d e n s e  t h a n  
t h e  f r e e  l e g .  A f t e r  t h e  cast was  removed, a fas te r  than  normal  
rate of bone density development w a s  observed which i n   f i v e  weeks 
resu l ted  in  reaching  the  normal  s ta te  of development.  Exposure  to 
hypergravi ty  and chronic  v ibra t ion  d id  not  change  these  t rends  to  
any s i g n i f i c a n t  e x t e n t  ( F i g u r e s  43 and 4 6 ) .  
Bone length  and  cross -sec t iona l  a reas :  
Figure 47 shows the longitudinal growth of the femur and 
t ib ia   dur ing   immobi l iza t ion .  The longitudinal  growth  of  bone 
i s  n o t  a f f e c t e d  by immobilization.  Hypergravity and v i b r a t i o n  
du r ing  the  fo l lowing  f ive  weeks do not influence normal bone 
growth in  e i the r  t he  fo rmer ly  immobi l i zed  o r  t he  f r ee  ex t r emi ty .  
P las te r  cas t  immobi l iza t ion ,  however ,  does  a f fec t  the  c ross -  
sec t iona l  growth  of  the  femur  in  the  v ic in i ty  of  the  ep iphyses ,  
as shown i n  F i g u r e  4 8 .  Upon removal  of  the cast the  to t a l .  c ros s -  
s e c t i o n a l  area of the immobilized leg i s  sma l l e r  t han  tha t  o f  t he  
f r e e  l e g  a t  22.5 % and 72.5  % from t h e  d i s t a l  end of the femur. 
No such  d i f fe rence  was observed a t  62.5 % from t h e  d i s t a l  end. 
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Figure 47.  Longitudinal  growth of the femur and the tibia 
during immobilization and subsequent exposure to 
a) earth gravity and hypergravity 
b) vibration 
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Irmnobilization tends to decrease the cortical  area a t  
22.5 % of  the  to t a l  l eng th ,  where  the  f emur  has  an  e l l i p t i ca l  c ros s -  
s e c t i o n a l   s h a p e   w i t h   r e l a t i v e l y   t h i n  walls. 
The d i f f e rences  in  c ros s - sec t iona l  deve lopmen t  o f  e i the r  
extremity due t o  immobi l i za t ion  d i sappea r  i n  f ive  weeks ,  i r r e spec t ive  
o f  e x p o s u r e s  t o  e i t h e r  e a r t h  g r a v i t y ,  h y p e r g r a v i t y ,  o r  c h r o n i c  
v ib ra t ion  (F igu res  48 and 49) .  
Compressive e l a s   t i c i t y  : 
Bone becomes s t i f f e r  du r ing  immobi l i za t ion  than  i t  would 
become dur ing  the  same per iod of normal  aging:  Figure  50a shows 
tha t  the  compress ive  spr ing  cons tan t  i s  somewhat h i g h e r  i n  t h e  
femur of  the immobil ized leg than in  the free  extremity and 
Figure 51a  shows t h a t  t h e r e  is  a pronounced difference between 
the moduli of free and immobilized bone. 
Af te r  removal  of  the  cas t ,  spr ing  cons tan t  (F igure  50a)  and  
e l a s t i c  modulus (Figure 51a)  in  the previously immobil ized l imb 
remain almost  constant ,  while  the r igidi ty  of  bone i n  t h e  f r e e  
l eg  inc reases  s t ead i ly .  Af t e r  abou t  f ive  weeks  bone e l a s t i c i t y  
becomes the  same a g a i n  i n  b o t h  e x t r e m i t i e s .  
Exposure to  hypergravi ty  does  not  a l t e r  the  recovery  of  the  
immobilized bone compared to  r ecove ry  unde r  ea r th  g rav i ty  
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Figure 48. Cross-sectional  growth of the femur during, 
immobilization and subsequent  exposure to 
earth  gravity and hypergravity 
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Figure 4 9 .  Cross-sectional  growth of the  femur  during 
immobilization and subsequent  exposure to 
vibration 
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(Figures  50a  and 51a). Under chronic   vibrat ion,   however ,   the  
compressive spring constant and the modulus of e l a s t i c i t y  become 
higher  than the corresponding propert ies  of  the non-vibrated 
c o n t r o l s ,  and t h i s  s t i f f e n i n g  e f f e c t  o c c u r s  i n  b o t h  t h e  f r e e  and 
previously immobilized legs (Figures 52a and 53a).  
Torsional  elas t i c i t y :  
Tor s iona l  e l a s t i c i ty ,  exp res sed  by  the  to r s iona l  sp r ing  
constant of the femur (Figure 50b), decreases a t  a h i g h e r  r a t e  
during immobilization than in normal aging, but after removal of 
t h e  c a s t ,  i t  remains approximately constant in the immobilized 
femur,  while  the free  leg exhibi ts  the normal  aging process  of  
becoming more b r i t t l e .  A f t e r  f i v e  more weeks t h e r e  s t i l l  remains 
a n  a p p r e c i a b l e  d i f f e r e n c e  i n  e l a s t i c i t y  i n  f a v o r  o f  t h e  u n d i s t u r b e d  
l e g .  
Exposure to  hypergravi ty  and  chronic  v ibra t ion  does  not  
a l t e r  t he  deve lopmen t  pa t t e rns  obse rved  in  the  1.Og s u b j e c t s  
(Figures 50b and 52b). 
102 
1600- I I ' IMMOB. LEG 
at 1.09 
at 2.09 
1200 
AGE (days) 
(a )  
3 
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sp r ing  cons t an t  o f  t he  femur during immobilization 
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hypergravi ty  
103 
Figure 51. 
n -200 
- 150 
""". 
AGE (days) 
( b) 
a) Modulus of elasticity and b) microhardness 
of the femur  during  immobilization and 
subsequent  exposure to earth  gravity and 
hypergravity 
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Figure 52. a )  Compressive  spring  constant  and  b)  torsional 
spr ing constant  of  the femur during immobil izat ion 
and subsequent exposure to vibration 
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Figure 53. a) Modulus of elasticity and b)  microhardness 
of the femur  during  immobilization and 
subsequent exposure to vibration 
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Microhardness: 
Figure  51b  shows  that  at  the  time  of  removal  of  the  cast 
the  immobilized  femur  had  become  considerably  harder  than  the 
corresponding  free  femur. No further  hardening  with  age  took 
place  in  this  leg  after  it  was  freed,  but  hardness  in  the  free 
limb  increased  continually  until  it  reached  the  same  hardness 
level  as  the  previously  immobilized  leg  in  five  weeks.  Again, 
the  developmental  patterns  were  unaffected  by  hypergravity  or 
chronic  vibration  (Figures  51b  and  53b). 
Conductivity  of  sound: 
Figures 54 and 55  show  that he velocity  of  sound  in  bone 
increases  with  age,  but  is  neither  affected  by  immobilization 
nor  subsequent  exposure to hypergravity  and  chronic  vibration. 
~. - Histological  solidity  of  bone: 
During  immobilization,  the  immobilized  bone  apparently 
becomes  more  solid  than  the  bone  of  the  free  leg,  as  shown  in 
Figure  56.  The  number  of  pores  in  the  bone  immediately  after 
removal of the  cast is about  5.5 % less  in  the  femur  of  the 
immobilized  leg  than  in  the  corresponding  free  limb.  The 
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Figure 54.  Veloci ty  of sound i n   a )   S e c t i o n  3 and b )  Se.ction 2 
of the femur during immobilization and subsequent 
exposure t o  e a r t h  g r a v i t y  and hypergravity 
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Figure 5 5 .  Veloci ty  of sound i n   a )   S e c t i o n  3 and  b)  Section 2 
of the femur during immobilization and subsequent 
exposure to v i b r a t i o n  
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56. S o l i d i t y  o f  bone during  immobilization 
and  subsequent  exposure  to  a)   earth 
g r a v i t y  and hypergravi ty   and   b)   v ibra t ion  
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v a r i a b i l i t y  o f  t h e  d a t a  i s  of  the  same magnitude as the change 
i t s e l f ,  which  therefore  ind ica tes  only  a t r e n d .  I n  f i v e  weeks 
a f t e r  i m m o b i l i z a t i o n  t h e  d i f f e r e n c e  i n  bone poros i ty  d isappears .  
Chronic  exposure to  hypergravi ty  and vibrat ion does not  inf luence 
t h e  f i n a l  s t a t e  o f  p o r o s i t y  i n  t h e  femur. 
Ash and calcium content: 
In  the  h ip  jo in t  o f  the  femur ,  immobi l iza t ion  does  not  
a f f e c t  t h e  normal temporal changes of the ash and calcium content 
of  bone  (Figures  57a,   57b,  57c).   In  the  knee  joint ,   immobilization 
decreases  the  ash  conten t  wi th  respec t  to  tha t  o f  the  f ree  leg  
(Figure  58a) .   After   immobil izat ion i s  terminated  the  ash  content 
increases  fas te r  in  the  immobi l ized  knee  than  as i n  t h e  f r e e  k n e e ,  
but   does  not   reach  the  f ree   knee  ash  level   in   f ive  weeks.  The 
calcium content  of  the dry defat ted bone i s  cons tan t  in  the  knee  
j o i n t  d u r i n g  and af ter   immobil izat ion  (Figure  58b) .  The calcium 
content of the ash,  however,  becomes s l i g h t l y  lower during 
immobilization than corresponds to normal aging (Figure 58c), and 
t h e  d i f f e r e n c e  d i s a p p e a r s  i n  f i v e  weeks a f t e r  removal of the cast .  
Chronic exposure to hypergravity and vibration following 
immobilization does not a l ter  the temporal  pat tern of  bone ash and 
calcium content observed in animals exposed to l .Og, as shown i n  
Figure 57, 58, 59 and 60). 
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Figure 57 .  Compositional  analysis of Sec t ion  1 ( h i p  j o i n t )  
of  t he  femur during immobilization and subsequent 
e x p o s u r e  t o  e a r t h  g r a v i t y  and hypergravity:  
a )   a sh   con ten t  of  the  bone 
b)  calcium  content of the  dry f a t  f r e e  bone 
c)   calcium  content  o f  bone ash 
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Figure 58. Composi t ional   analysis   of   Sect ion 5 (knee   jo in t )  
of  t h e  femur du r ing  imob i l i za t j -on  and subsequent 
exposure  to  ear th  grav i ty  and  hypergravi ty :  
a) ash content of the bone 
b )  ca l c ium con ten t  o f  t he  d ry  f a t  f r ee  bone 
c) calcium content of bone ash 
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Figure 59. Compositonal  analysis  of  Section 1 ( h i p  j o i n t )  
of the femur during immobilization and subsequent 
exposure t o  v i b r a t i o n :  
a) ash content of the bone 
b )  calcimn con ten t  o f  t he  d ry  f a t  f r ee  bone 
c) calcium content of bone ash 
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Figure 60. Composi t ional   analysis   of   Sect ion 5 (knee   jo in t )  
of the femur during immobilization and subsequent 
exposure  to  v ib ra t ion :  
a)  ash content  of  the bone 
b)  calcium content  of  the dry fat  f ree  bone 
c) calcium content of bone ash 
115 

IV. MDIOGRAPHIC BONE DENSITOMETRY 
Bone  mass,  mineral  content  and  density  can be quantitatively 
assessed  from  roentgenograms  of  bone.  Such  analyses  usually  consist 
of  the  photodensitometric  comparisons  of  selected  sites on the  bone 
with  a  calibrated  aluminum  wedge  on  the  same  film.  X-rays  passing 
through  bone  are  attenuated  by  specimen  thickness  and  mineral 
concentration.  Thus  optical  density of the  roentgenographic  bone 
image  is  related  to  the  mass  as  well  as  to  mineral  content  of  the 
bone  material.  Marked  departures (25-30 %) from  normal  bone 
mineralization  and  bone  mass  can  be  seen  readily  by  visual  inspection 
of the  roentgenographs.  Microdensitometers  are  used  to  detect 
smaller  changes. 
In the  usual  radiographic  technique  the  light  transmittance 
through  the  aluminum  wedge  is  scanned  with  a  microdensitometer  to 
determine  the  film  background  optical  density  due  to  scattered 
x-rays,  chemical  fog,  film  base  and  emulsion  layers.  Next  the  bone 
image  is  scanned  and  the  resulting  trace  is  corrected  for  the 
previously  determined  optical  density.  Several  systems  have  been 
built  which  automatize  these  procedures  (Schaer  et  al., 1959; 
Cameron, 1965; Whedon et al., 1966; Colbert et al., 1967; Colbert 
and  Garrett, 1969; Vogt  et  al., 1969; Progress  in  Methods  of  Bone 
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Mineral  Measurement, 1970).  The a p p l i c a t i o n  of photodensi tometr ic  
a n a l y s i s  of  r ad iog raphs  to  bone  has  been  r epor t ed  in  nu t r i t i on  and  
growth (Williams e t  a l . ,  1964; Whedon e t  a l .  , 1966; Mack e t  a l . ,  
1 9 6 8 ) ,  i n  a s s o c i a t i o n  w i t h  bed rest and  space  f l i gh t  s tud ie s  (Mack 
e t  a l . ,  1967;  Vogt e t  a l . ,  1965; Vose 1969)  and i n  c a l c i f i c a t i o n  
of d e n t a l  t i s s u e s  ( C o l b e r t  e t  a l . ,  1966).  
I n  t h i s  s t u d y  i n  v i v o  x - r a y  p i c t u r e s  o f  t h e  r i g h t  femur were 
t aken  in  o rde r  t o  mon i to r  success ive  s t a t e s  o f  bone development 
of the experimental  groups exposed to 1.5 and 2.0g hypergravity, 
and t o  2 x 2.5 hours of 20 and  25 Hz v i b r a t i o n .  X-ray p i c t u r e s  
of  the  s t ressed  and  cont ro l  an imals  were  taken  in  18 day i n t e r v a l s .  
The ra ts  were anesthetized with Nembutal,  strapped into a P lex ig l a s  
f rame wi th  the  r igh t  h ind  leg  in  a s t anda rd ized  pos i t i on ,  as shown 
i n  F i g u r e  61. I n  a l l  x-ray  photography a GE-100  DA-0064 type 
den ta l  x - r ay  un i t  was used with aluminum f i l t e r  and Plexiglas  
cone. The sub jec t s  were  p l aced  a t  a d is tance  of  80 cm from  the 
l e n s .  Eastman Kodak I n d u s t r i a l  Type AA, non-screen fi lm w a s  used 
i n  cardboard casettes wi th  70 kV, 15 mA and 3 sec exposure. The 
films were developed by the Oral Radiology Department, College of 
Den t i s t ry ,  Un ive r s i ty  o f  Kentucky, i n  a ni t rogen burst  automated 
processor .  
The x-ray images were then analyzed in the microdensitometer 
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Figure 61. Positive  radiograph  of  a  rat and the 
calibrating  aluminum  wedge  in  the 
positioning  device  with  the  right 
hind leg in standard position  for 
in  vivo  densitometry 
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of  Fels  Research Inst i tute ,  Antioch College,  Yel low Springs,  Ohio.  
Thei r  sys tem,  cons is t ing  of  a Joyce-Loebl Mark I1 microdensito- 
meter and an on-line Linc-8 computer, automatically scans the film 
and  computes an index for the specimen which i s  p r o p o r t i o n a l  t o  t h e  
bone mass. Bone volume  and d e n s i t y   i n d i c e s  are  a l s o  computed. The 
d e t a i l s  o f  t h e  method are descr ibed by Colbert and Garrett (1969). 
The regression of  the radiographic  bone indices  and the  
corresponding analyt ical ly  determined bone parameters  was c a l c u l a t e d  
w i t h  t h e  method of  least  squa res ,  and  the  co r re l a t ion  coe f f i c i en t  
o f  t he  da t a  was a l s o  computed. 
The radiographic bone mass index  of  the  en t i re  femur  
de te rmined  th i s  way from i n  v i v o  x - r a y  p i c t u r e s  i s  p l o t t e d  a g a i n s t  
t he  d ry  f a t  f r ee  we igh t  o f  t he  bones  in  F igu re  62a .  Dry bone  weight 
w a s  determined by weighing af ter  sacr i f ic ing the animals  immediately 
a f t e r  t h e  x - r a y  p i c t u r e s  had  been  taken. The c o r r e l a t i o n  c o e f f i c i e n t ,  
r = 0.7721 i s  s i g n i f i c a n t  on P < 5 % l e v e l .  On the same x-ray 
p i c t u r e s  a 10 mm long  sec t ion  o f  t he  bone was scanned along the 
midshaf t  o f  the  femur  in  another  series of  measurements. The radio-  
9 
graphic  mass index  of  the  midshaf t  sec t ion  is  p l o t t e d  a g a i n s t  t h e  
fat. f r ee  d ry  we igh t  o f  t he  femur in  Figure 62b.  The c o r r e l a t i o n  
c o e f f i c i e n t  o f  t h e  r e l a t i o n s h i p  is  r = 0.3293 w i t h  t h e  s i g n i f i c a n c e  
level of  P > 5 %. The  Spearman's  rho  of  the  measurements 
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Figure 62. In  vivo radiographic  bone  mass  index of the whole 
femur and a 10 mm long midshaft  section of the 
femur plotted as functions of the analytically 
determined  bone weight 
is p = 0.63 (P > 5 %). For  the  in  vivo  measurements,  the  significance 
levels  of  statistical  analysis  indicate  a  limited  correlation  between 
the  radiographic  bone  index  and  the  analytically  determined  weight 
of  the  femur. 
However,  in  vitro  radiographic  bone  indices  of  femur mass 
and  volume  show  a  much  closer  correlation  with  the  analytical 
measurements.  For  this  comparison  the  indices  of  bone mass, 
volume  and  density  were  determined  from  the  x-ray  picture  of 
excised  defatted  dry  femurs  positioned  on  one  film,  as  shown  in 
Figure 6 3 .  The  radiographic  indices so obtained  are  plotted  against 
their  gravimetric  counterparts  in  Figure 6 4 .  The  correlation  of 
the  data  is  highly  significant  for  mass  and  volume  with P < 5 %. 
Comparison of the  radiographic  in  vivo  and  in  vitro  measure- 
ments  of  bone  parameters  leads to the  conclusion  that  in  the  rat 
the  photoabsorbency  of  the  soft  tissues  overlying  the  femur 
influences  the  in  vivo  radiographic  determination  of  bone  indices 
so much  that  the  in  vivo  technique  was  not  extended  over  the  complete 
range  of  conditions  of  this  study. 
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Figure 63. Positive  radiograph  of rat femurs positioned 
around  the  calibrating  aluminum  wedge for 
in  vitro  densitometry 
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weight,  volume and d e n s i t y  of  bone 
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CONCLUSIONS 
Temporal  development  of  the s t ructural  propert ies  of  bone in  
the  appendicular  ske le ton  of the  ra t  was  i nves t iga t ed  unde r  ea r th  
grav i ty ,  hypergravi ty ,  mechanica l  v ibra t ion  and  hypodynamia of  
immobilization. 
A t  e a r th  g rav i ty  the  no rma l  p rocess  o f  ag ing  t akes  p l ace  and  
the  proper t ies  of  bone  change  s igni f icant ly  dur ing  th i s  process .  
These changes were measured over the ra t ' s  l i f e  span  o f  f rom two 
to  ten months.  Body weight  growth w a s  found to  be  a logari thmic 
func t ion  of  age [(Body Weight) a 259 In (Age), where Body Weight i s  
i n  grams, Age i n  d a y s ) ,  i . e .  body weight gain i s  s u b s t a n t i a l  i n  
ear ly  age and becomes smaller wi th  inc reas ing  age .  Ce r t a in  s t ruc tu ra l  
p rope r t i e s  o f  bone d i s p l a y  a similar t rend of  gain a t  a high ra te  
during  early  age  and  lower ra te  la ter .  The development of weight ,  
volume,  densi ty ,  longi tudinal  and cross-sect ional  growth of  bone 
fo l lows  th i s  pa t t e rn .  
During aging a t  e a r t h  g r a v i t y  bone s t e a d i l y  l o s e s  e l a s t i c i t y ,  
i .e. i t  becomes  more b r i t t l e ,  as r e f l e c t e d  i n  i n c r e a s e s  o f  t h e  modulus 
o f  e l a s t i c i ty ,  t o r s iona l  sp r ing  cons t an t ,  mic roha rdness  and  sound  
conduct ivi ty .  The ra te  a t  w h i c h  r i g i d i t y  i n c r e a s e s ,  u n l i k e  t h e  
growth rate,  does not  diminish during the eight  months of  observat ion 
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and i s  a t t r i b u t e d  t o  t h e  p r o g r e s s i v e  i n c r e a s e  o f  a s h  c o n t e n t  o f  
the  bone .  The  ra t io  of  inorganic  cont i tuents  of  to ta l  bone  material 
becomes l a r g e r  w i t h  a g e  as a l a r g e r  p o r t i o n  o f  t h e  bone ma t r ix  
m i n e r a l i z e s ,  r e s u l t i n g  i n  a s t i f f e r ,  more b r i t t l e  material. 
Poros i ty  of  bone does not change with age during the l i f e  
span  inves t iga t ed  he re .  It should  be  noted,  however,   that   porosity 
w a s  measured i n  t h e  v i c i n i t y  o f  t h e  d i s t a l  end of the femur.  A t  
t h i s  l o c a t i o n  t h e  c r o s s - s e c t i o n a l  area w a s  found to  have  the  least 
ra te  of growth and the area o f  t he  marrow c a v i t y  w a s  found  no t  t o  
change  appreciably  with t i m e .  These f a c t s  i n d i c a t e  t h a t  t h e  ra te  
of bone remodelling is  less  i n t e n s i v e  a t  t h i s  t e s t i n g  s i t e  than 
elsewhere along the femur.  
The ash content  of  the bone is  not uniform along the femur.  
The h i p  j o i n t  c o n t a i n s  4 % more ash  than  the  knee  jo in t .  This  
d i f f e r e n c e  a p p e a r s  t o  b e  s i g n i f i c a n t  s i n c e  i t  pers i s ted  throughout  
the  inves t iga t ion  wi thout  any  tendency  to  d isappear .  There  i s  no 
d i f fe rence ,  however ,  in  the  ca lc ium content  of  the  two j o i n t s ,  
i n d i c a t i n g  t h a t  t h e  h i p  j o i n t  c o n t a i n s  more ino rgan ic  components 
other  than calcium than the knee.  
The da ta  ob ta ined  in  th i s  i nves t iga t ion  a re  be l i eved  to  b e  f r e e  
o f  d i e t a r y  i n f l u e n c e s .  The chemical  composition  of  bone i s  indepen- 
den t   o f   d i e t  (Weir, 1949;  Frost ,   1966).   Dietary  calcium  does  not 
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affect  the  mechanical  properties of bone  if  the  feed  contains  a 
minimum of 0.36 % calcium  (Bell  et  al., 1941). Different  calcium 
levels of the  diet  are riot reflected in mineral  secretion  during 
either  normal  activity or chronic  restraint  (Pyke  et  al.,  1968). 
0.80 % calcium  and 0.70 % phosphorous  are  required  in  the  diet of 
rats  for  optimum  growth,  reproduction  and  calcification  (Univer- 
sities  Federation  of  Animal  Welfare  Handbook,  1967,  pp.  361-365). 
In this  investigation  regular  laboratory  feed  containing  a 
minimum  of  1.30 % calcium  and 0.94 % phosphorous  (Purina  Laboratory 
Manual,  SP464A)  was  used  which  tcgether  with  the  oyster  shell 
supplement  more  than  met  the  requirements  for  normal  bone  development. 
Chronic  exposure  to  centrifugally  generated  hypergravity  up 
to  2.5g  does  not  affect  normal  development  of  bone  in  the  rat: 
the  structural  properties  are  essentially  identical  to  those  observed 
under  earth  gravity in  animals  of  comparable  age  although  the  function 
of body  weight  gain of centrifuged  animals  is  significantly  lower 
than  that  of  the  control  rats  [(Body  Weight) a 200  In  (Age)  at  2.0g 
and  (Body  Weight) a 184 In (Age)  at  2.5g-j. Other  investigators 
have  found  that  soft  tissue  organ  development  and  function  are  not 
altered  by  chronic  centrifugation  either  and  attributed  the 
characteristic  weight  decrement  to  a  reduction of fat  tissue  (Bird 
et al., 1963;  Oyama  and  Platt,  1965,  1967;  Casey  et  al.,  1967; 
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Atherton  and Ram, 1969) .  The f i n d i n g s  o f  t h i s  s t u d y  complement 
these  inves t iga t ions  by  e s t ab l i sh ing  tha t  ha rd  t i s sue  deve lopmen t  
i s  essent ia l ly  normal  under  hypergravi ty  condi t ions .  Only two 
effects of  hypergravi ty  are observed: the active zones of mineral-  
izat ion tend to  be wieder ,  and the longi tudinal  growth of  femur and 
t i b i a  i s  slower.  
The decrement i n  bone  length  can  s imply  be  a t t r ibu ted  to  the  
sma l l e r  s t a tu re  o f  t he  cen t r i fuged  an ima l s ,  o r ,  poss ib ly ,  t o  t he  
i n h i n b i t o r y  e f f e c t  o f  i n c r e a s e d  g r a v i t a t i o n a l  l o a d .  
The a p p a r e n t  v a r i a t i o n  i n  t h e  w i d t h  o f  t h e  t e t r a c y c l i n e  
bands,  whicn mark mineral izat ion,  might  not  be real because i n  t h e  
geometr ica l ly  shor te r  bones  the  zones  of f resh  bone  depos i t ion  a t  
a s p e c i f i e d  d i s t a n c e  from t h e  d i s t a l  end cou ld  appea r  d i f f e ren t ly  
t h a n  i n  b o n e s  o f  l a r g e r  s i z e .  
Chronic  vibrat ion does not  affect  body weight  with respect  
t o  t h a t  o f  t h e  c o n t r o l s  o f  t h e  same age. The aging  process  under 
v i b r a t i o n  t a k e s  p l a c e  a t  t h e  n o r m a l  r a t e  i n  t h e  g r o s s  p h y s i c a l  
propert ies  of  weight ,  geometry and densi ty .  
However, bone becomes more r i g i d  u n d e r  v i b r a t i o n  t h a n  i n  
n o m 1  aging. Modulus o f  e l a s t i c i t y  and  microhardness  of  vibrated 
bone are higher  than those of  non-vibrated  bone.  This i s  c o r r e l a t e d  
to  d i so rgan iza t ion  o f  mine ra l  depos i t i on :  Labe l ing  by  t e t r acyc l ine  
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shows  that  the  regular  zones  of  mineralization  disappear  under 
vibration  and  that  mineral  deposition  becomes  dispersed  across 
the  diaphysis.  Under  vibration  the  organic  bone  matrix  is  not 
mineralizing  along  the  normal  trajectories.  Thus  the  crystalline 
bone  structure  becomes  incapable  of  the  same  elastic  deformation 
which  uniformly  deposited  bone  exhibits. 
Bone  composition,  however,  is  not  affected  by  vibration. 
The  ash  and  calcium  contents  of  the  femur  show  normal  temporal 
changes.  Bone  porosity  is  also  normal. 
Plaster  cast  immobilization of one  leg,  which  served  as 
simulation  of  the  state  of  weightlessness,  significantly  influences 
body  weight  and  bone  development.  The  body  weight  of  immobilized 
animals  is  always  less  than  normal.  The  rate of body  weight  growth 
is  significantly  slower  than  normal  during  immobilization [(Body
Weight) a 164 In (Age)], and  somewaht  faster  than  normal  after 
immobilization [(Body Weight) 294 In (Age)]. The  development 
of  some  bone  parameters  is  also  retarded:  weight,  volume  and 
density  consitently  have  lower  values  during  immobilization  than 
during  corresponding  normal  aging.  Lower  bone  density  is  largely 
due to  the  reduction of ash  content  found  in  the  immobilized knee 
joint.  Calcium  content  of  the  inunobilized knee  joint  is  also  lower 
than  that  of  the  free  knee;  the  calcium  content  of  the  hip,  however, 
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was found  identical in both  the  immobilized  and  the  free  leg. 
Growth  of  the  cross-sectional  area  is  retarded  in  the  vicinity 
of  the  knee  joint  only.  Porosity  in  this  region  decreases  which 
may  mean  that in disuse  some of the  vascular  channels  become 
inactive  and  occluded  with  mineralized  connective  tissue.  This 
has  been  observed  to  take  place  in  humans  during  normal  aging  as 
well  as  in  diseased  bone  (Jowsey,  1960, 1964). 
Compressional  and  torsional  rigidity  and  microhardness  become 
higher  than  normal  during  inactivity,  i.e.  acceleration of the 
aging  process  takes  place.  However,  after  the  bone  has  been  freed, 
the  aging  process  is  suspended:  the  sitffness  level  remains 
constant  until  the  normal  process of aging  reaches  the  state  of 
bone  development  produced  prematurely  by  the  accelerated  aging  of 
immobilization.  Most  effects of immobilization  disappear  within 
five  weeks  after  removal  of  the  cast.  Exposure  to  hypergravity 
and  vibration,  following  immobilization,  retards  the  growth of 
body  weight [(Body Weight) = 220  In (Age)  under  centrifugation  and 
(Body  Weight) a 202  In (Age)  under  vibration  following  immobilization], 
but  does  not  interfere  with  subsequent  return of all  bone  parameters 
to  normal  level. 
The  measurements made in this  study  clearly  show  that  chronic 
exposure  to  hypergravity  up  to  2.5g  1)  has  no  adverse  effects on
bone  development  in  normal  rats  and 2) permits  regain of normal 
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state of development in previously  immobilized  bone  comparably 
to  earth  gravity.  Thus  it  may  be  assumed  that, in the  absence  of 
earth  gravity  and in hypodynamia,  centrifugation  could  safely 
provide  the  condition  for  normal  bone  development. 
The  mechanical  stress of 12 hour  daily  vibration  at 25 Hz 
increases  rigidity  and  microhardness of  bone,  which  corresponds 
to an  acceleration of the  aging  process,  and  results in  mineral 
deposition  which is quite  disorganized  compared  to  that  of  normal 
bone  development. No other  alterations  in  bone  properties  due  to 
12 hour  vibration  were  observed  and  bone  of  animals  exposed  to 
only  short  daily  periods  of  vibration  develops  normally.  Further 
study  is  required  to  determine  of  there  is  a  vibratory  environment 
which  is  adequate  for  normal  skeletal  development,  but  does  not 
simultaneously  result  in  undesirable  manifestations of aging  and 
abnormal  modes  of  mineral  deposition. 
The  information  obtained  in  this  study  applies  to  bone  in 
the  rat. It may  well  represent  general  trends,  but  before  extending 
it to apply  to  other  species,  and  especially  to  man,  due  study  and 
consideration  should  be  given  to  the  respective  differences  in 
construction,  organization,  development  and  mechanical  behavior  of 
bone. 
It  is  also  known  that  psycho-physiological  systemic  stress 
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conditions  (social-emotional  disturbance,  electric  shocks,  forced 
restraint,  forced  exercise,  exposure  to  extreme  temperatures,  nutri- 
tional  deficiencies,  high  oxygen  pressure,  anoxia)  tend  to  inhibit 
bone  growth  and  calcification  and to develop  osteoporosis  in  both 
humans  and  experimental  animals  (Selye  1950,  1951,  1956, 19 2). 
Therefore  the  skeletal  effects  of  psychological  stresses  must  also 
be  studied in  considering  the  struchural  development  of  bone  in  an 
unconventional  environment. 
The  stress  environments  which  are  of  specific  practical  interest 
in  connection  with  manned  space  flight  lie - of  course - in  the  range 
between  weightlessness  and  earth  gravity.  This  laboratory  study, 
of  necessity,  had  to  restrict  itself  to  artificial  gravities 
greater  than  lg  and  an  imperfect  simulation of weightlessness  by 
plaster  cast  immobilization  had  to  suffice. No significant  and 
systematic  changes  were  found  above  lg,  however,  simulation  of 
weightlessness was found  to  produce  pronounced  atrophy in bone.  Thus 
it  does  not  seem  possible  to  make  simple  extrapolations  from  the 
above  lg  range  to  the  below  lg  range,  since  it  is  likely  that 
there  exists  a  threshold  stress  above  which  bone  development  is 
essentially  normal,  while  atrophy  occurs  below  the  threshold. 
Space  experiments  will  be  needed  to  clarify  this  point. 
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